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The present thesis describes the research results mainly concerned with 
the critical heat fluxes resulting fro1n exponentially increasing heat inputs 
(power transient) and fro1n rapid depressurization (pressure transient) . 
Chapter 1 is an introduction to the transient boiling heat transfer caused 
by rapidly increasing heat input or decreasing pressure. The previous studies on 
power transient and pressure transient were reviewed with a special weight on 
the works by Sakurai et al.. The purposes of the study were described in this 
chapter. 
In Chapter 2, the apparatus and 1nethods commonly used for the steady 
and transient boiling experiments in Chapters 3 to 5 for exponentially increasing 
heat inputs were described. A cylindrical stainless steel pressure vessel which 
was capable of operating pressures up to 5 MPa, was used as a test vessel. The 
vessel was equipped with a pressure transducer and a K -type thermocouple for 
the measurements of system pressure and bulk liquid temperature respectively. 
The vessel was connected with a pipe through a valve and an air-driven booster 
pump to a liquid feed tank for the purpose of pre-pressurization. The apparatus 
and 1nethods for pressure transient experiments were described in Chapter 6 
separate! y. 
In Chapter 3, the steady-state pool boiling critical heat fluxes (CHFs) on 
v 
the test heaters with different diatneters and with different shapes in water for 
the ranges of subcoolings fro1n zero to 180 K and of pressures fro1n atmospheric 
to 2 MPa tneasured were described. The CHFs for the subcoolings lower than 
around 40 K for each pressure were clearly dependent on the pressures. On the 
other hand, those for the subcoolings larger than about 60 K were almost 
independent of the pressures except those for the pressures lower than around 
200 kPa. The CHFs for the subcoolings higher than 20 K at each pressure 
disagreed with the corresponding values obtained from the existing CHF 
correlations given by Kutateladze, Ivey and Morris, and Zuber based on the 
hydrodynamic instability (HI). The CHFs derived fro1n the modified 
Kutateladze con·elation which was taken into account the nonlinear effect of 
subcooling, agree with the measured CHFs for the subcoolings lower than 
around 40 K at the pressures up to 200 kPa within the difference of ±5 °/o. The 
etnpirical equation for the CHF values for higher subcoolings higher than 
around 40 K at higher pressures higher than around 400 kPa was presented. 
Effects of the heater shapes on the constants in CHF correlations were examined 
for almost same experitnental conditions. The trend of CHF for high subcoolings 
suggests that there exist another 1nechanism of heat transfer crisis at CHF 
different from that due to the HI, which is only applicable for the lower 
subcoolings. The existence of the mechanism for high subcoolings at high 
pressures based on the heterogeneous spontaneous nucleation in originally 
Vl 
flooded cavities on the heater surface in fully developed nucleate boiling regime 
was confinned for the test heater with various shapes and cylinder diameters . 
In Chapter 4, the transient boiling heat transfer processes including 
boiling incipience and the transition to fihn boiling due to exponential heat input, 
Qo exp(t/r ), were 1neasured for a 1.2 tmn-diatneter platinu1n horizontal cylinder 
with cotnmercial surface in a pool of water at the pressures ranging from 101.3 
kPa to 2063 kPa, for the periods, r , from 2 1ns to 20 s and for the subcoolings 
from 0 to 180 K measured are described. The processes for the case with pre-
pressurization before each experimental run measured are described. The typical 
trend of critical heat fluxes the exponential periods is as follows : the critical heat 
flux (CHF) first increases from the steady-state value, then decreases and again 
increases with a decrease in period not only for the pre-pressurized case but also 
non-pre-pressurized one, though the trend was not observed completely for the 
short period range tested here at high pressures for the non-pre-pressurized case. 
However, the CHFs for the periods are generally separated into frrst, second and 
third groups for long, short and intermediate periods respectively. 
The CHF for very short periods which increase with a decrease in period 
frotn the minimtnn CHF become almost in agreement with each other even for 
the cases without and with the pre-pressure. The mechanism of the transition at 
the CHF from single phase non-boiling regime to film boiling regime is 
considered to be a consequence of the heterogeneous spontaneous nucleation, 
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HSN, in originally flooded cavities on the cylinder surface not only for the pre-
pressurized case but also for the non-pre-pressurized case, though the HSN for 
the latter case occurs with the several nucleation from active cavities. The 
effects of high subcooling and high pressure on the transition to film boiling due 
to the heat inputs with a wide range of increasing rate for the non-pre-pressure 
and pre-pressure cases are described. 
In Chapter 5, the critical heat fluxes (CHFs) on 1.2mm horizontal 
cylinders with mirror finished and Emery-3 finished rough surfaces (MS and 
RS) in a pool of water due to exponentially increasing heat inputs, Q0 exp(t / r), 
with the periods, r , ranged from 20 s down to 2 ms at the pressures ranging 
from atmospheric up to 2 MPa for the subcoolings ranging from zero up to 80 K 
measured for the cases without and with the pre-pressure are described. The 
obtained data compared with the corresponding data for the cylinder with 
commercial surface (CS) mentioned in Chapter 4. The existence of three groups 
of the CHFs for the periods tested here as with that for the cotnmercial test 
cylinder were clearly observed for the cylinders with MS and RS though the 
CHFs for the shorter periods belonging to the second group were not observed 
for the cylinder with commercial surface (CS) except those for the saturation 
condition at around atlnospheric pressure, and those for high subcoolings at 
higher presstrres . At the CHFs belonging to the second group the direct or setni-
direct transition clearly occtrrs from transient conduction regime to film boiling 
Vlll 
without or with the vapor bubbles for a while with instantaneous increasing of 
heat flux for both cylinders of MS and RS. At the CHFs, the transitions occur 
due to the explosive-like heterogeneous spontaneous nucleation in originally 
flooded cavities as described in Chapter 4 for the cylinder with CS. It should be 
noted that (as a typical example) the 1ninitnu1n CHF s for the periods of 10 tns on 
the MS and RS cylinders at the pressure of lMPa for the subcooling of 40 K 
were about 40 % of the corresponding steady-state CHF. It was observed that the 
trend of CHFs for the periods belonging to the second and third groups are 
significantly affected by the cylinder surface conditions. 
In Chapter 6, transient boiling on single horizontal cylinders in water 
caused by rapid depressurization from initial natural convection or partial 
nucleate boiling were investigated. For an initial heat flux and a pressure-
reduction period respectively larger and shorter than certain threshold values, a 
transition to film boiling was observed. In a rapid transient due to 
depressurization from initial natural convection, the transient boiling heat 
transfer process followed a hypothetical nucleate boiling curve that lied at the 
higher superheat side of the successive steady-state fully developed nucleate 
boiling curves corresponding to each transient pressure. The critical heat flux 
value was far lower than the steady-state critical heat flux at the corresponding 
pressure. The effects of the following parameters : initial heat flux, pressure-
reduction rate, initial pressure and cylinder diameter, on the transient heat 
lX 
transfer processes (nucleate boiling heat transfer, critical heat flux, transition to 
film boiling or not, film boiling heat transfer), were examined. A tnechanistn, 
based on heterogeneous spontaneous nucleation from the originally flooded 
cavities on the solid surface, was suggested for the transition from non-boiling 
to film boiling under rapid depressurization. 













=constants in Eq.(3-4) 
= specific heat at constant pressure, J l(kgK) 
=cylinder diameter, m 
= acceleration of gravity, m/ s2 
= gf3qd 4 I k v 2 , modified Grashof nutnber 
= conduction heat transfer coefficient, W l(m 2 K) 
= non-boiling combination heat transfer coefficient, W l(m 2 K) 
=natural convection heat transfer coefficient, W l(m 2 K) 
= latent heat of vaporization, J I kg 
= constant in Eq.(3-2) 
= constant in Eq. (3 -1) 
=constant in Eq.(3-3) 
=thermal conductivity, W l(m K) 
=non-dimensional length in Eq.(3-5) 
= pressure absolute, Pa 
= pressure tn gauge, Pa 
= initial pressure absolute, Pa 
= initial pressure gauge, Pa 
XI 
Pr = Prandtl number 
Q = heat generation rate, WI 111 3 
= initial exponential heat input, WI 111 3 
q = heat flux, W 1m 2 
= critical heat flux, W 1m 2 
qcr ,C = critical heat flux for commercial surface con
dition, WI m 2 
q cr ,D = critical heat flux at direct transition point, WI m 2 
qcr ,M = critical heat flux for 1nirror surface condition, 
WI 111 2 
qcr,R = critical heat flux for rough surface condition, WI m 2 
q cr,sat q cr for saturated condition, w I In 2 
q cr due to HSN for saturated condition, w I m 2 
qcr ,sub = q cr for subcooled condition, w I In 2 
= heat flux at the initiation of boiling, W l1n 2 
= initial heat flux, W 1m 2 
qover = heat flux at overshoot point, WI 1n 2 
= steady-state critical heat flux, WI 111 2 
q st ,sat = q sr for saturated condition, WI m 2 














= heater surface tetnperature, K 
= saturation tetnperature, K 
= time, s 
=surface superheat at critical heat flux K 
' 
=surface superheat at boiling initiation, K 
= lower limit of HSN surface superheat, K 
= surface superheat at overshoot point, K 
(Tw - T..·at ), surface superheat, K 
(Tsat - TB ), liquid subcooling, K 
= boiling heat transfer coefficient ( jL1T ) W/m2K == q sat , 
= expansion coefficient, 1/ K 
= kinetnatic viscosity, m 2 j s 
= density, kg j m 3 
= surface tension, N j m 
= exponential period, s 













1.1 TRANSIENT BOILING HEAT TRANSFER 
The correct understanding and prediction of the transient boiling heat 
transfer caused by rapidly increasing heat input (power transient) or decreasing 
pressure (pressure transient) are important as the database for the safety 
assesstnent of nuclear reactor accidents caused by a power burst and a pipe 
rupture, and also interesting as a fundamental probletn of time varying boiling 
heat transfer. 
1.1.1 Previous Studies on Power Transients 
The power transient in water was first studied by Rosenthal (1957). He 
showed that the tetnperature rise of the heater before the incipient boiling could 
be computed by the transient conduction equation. Johnson et al. (1966) 
perfonned an extensive experimental study of transient boiling heat transfer in 
water caused by exponential heat inputs under pressures ranging from 0.1 to 
13.7 8 :MPa. They showed that the incipient boiling superheat was higher for 
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shorter exponential period and for lower system pressure. They also showed that 
the critical heat flux for exponential heat input exceeded the steady-state critical 
heat flux by a factor as large as 4. 
Sakurai and Shiotsu ( 1977 a, 1977b) investigated the transient boiling 
heat transfer for exponential heat inputs, Q0 exp(t / r), to a platinum wire in 
sah1rated water at pressures frotn attnospheric to 2 MPa. They observed for the 
first titne the anomalous trend of CHFs. Namely, the CHF first gradually 
increased from the steady-state CHF up to a tnaximum CHF, and then it 
decreased down to a tninitnutn CHF and again increased with a decrease in the 
exponential period, r, from 20 s down to 5 ms. The CHFs were generally 
classified into tnainly three groups with respect to the periods . Natnely, the first, 
second and third ones were for longer, shorter and intennediate periods 
respectively. For exatnple, the first group was for the periods longer than around 
0.1 s, the second one was for the periods shorter than around 0.005 s, and the 
third one was for the periods between arotmd 0. 00 5 s to 0.1 s for the case of 
saturated water at atmospheric pressure. 
1.1.2 Models for Incipient Boiling Superheat and CHF in Power Transients 
Sakurai and Shiotsu ( 1977b) observed that the CHF s belonging to the 
first group existed on the points around the extension of the steady-state nucleate 
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boiling curve on the graph of heat flux, q, versus surface superheat, L1Tsar. 
Based on this fact, they explained that the tnechanistn of CHF belonging to the 
first group would be the titne lag of heat transfer crisis due to the hydrodynamic 
instability near solid surface, which occurs at the steady-state CHF. The steady-
state CHF tnodel due to the hydrodynatnic instability was suggested by 
Kutateladze (1959) and Zuber (1959). After that, the transient CHF theoretical 
model due to the liquid-layer evaporation model was first suggested by Serizawa 
(1983). 
On the other hand, the anomalous trend of CHFs belonging to the second 
and third groups for the period means that there exists another mechanism for 
the CHFs belonging to the second and third groups. However, the mechanism of 
CHFs for intermediate and short periods has never been resolved for a long time. 
After that, Sakurai et al. (1992) carried out the experiments of the CHFs 
in liquid nitrogen caused by exponentially increasing heat inputs to a platinum 
horizontal cylinder at various pressures just as with the experiments for water 
mentioned above. The exponential periods were ranged from 20 s to 5 ms (frotn 
quasi-steady to rapid ones). They observed, for all the exponential periods tested, 
the direct transition frotn a non-boiling regime such as natural convection or 
transient conduction regime to film boiling without nucleate boiling at around 
atmospheric pressure. On the other hand, at the pressures higher than around 
atmospheric up to 2 l\1Pa, the CHFs for periods first gradually increased frotn 
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the steady-state CHF to a maximum CHF, then it decreased and again increased 
with a decrease in period. This trend of CHFs for periods at higher pressures was 
just as with that clearly obtained by the water experiment at atmospheric 
pressure: direct transition to film boiling occurred in transient conduction regime 
for short periods. They assumed that the direct transition to film boiling occurred 
due to the explosive-like heterogeneous spontaneous nucleation (HSN) 1n 
originally flooded cavities at the HSN surface superheat lower than that of 
homogeneous spontaneous nucleation. All the cavities on the surface that could 
serve as nucleation sites would initially be flooded, since the liquid surface 
tension is so low that vapor is not entrained in surface cavities and there is no 
dissolved gas in liquid nitrogen except for possible trace amount of helium, 
hydrogen and neon. It was made clear that there exist the mechanisms of 
incipient boiling in liquid nitrogen due to the HSN in originally flooded cavities 
on the solid surface different from that due to the nucleation frotn active cavities 
of originally entrained vapor on the solid surface in water. 
Then, Sakurai et al. (1993) intended to realize the initial boiling on a 
horizontal cylinder due to the HSN even in water by pre-pressurizing the water 
in the boiling vessel with an appropriate high pressure before each run, by which 
the boiling initiation fro1n the active cavities previously entraining vapor would 
be elitninated. They performed the water experi1nents at pressures up to 1 MPa 
and liquid subcoolings up to 30 K for the cases without and with the pre-
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pressurization by a 5 I\1Pa before each experimental run. The anotnalous trends 
of CHFs for the periods were observed for the case with pre-pressurization just 
as with that observed in the liquid nitrogen experi1nents 1nentioned above . The 
direct transition to fihn boiling was observed for a wide range of exponential 
period at atinospheric pressure. It was recognized that the direct transition at the 
initial boiling occurs due to the explosive-like HSN in originally flooded 
cavities. 
A theoretical initial boiling te1nperature 1nodel for the lower li1nit of 
HSN temperature in saturated liquids due to a quasi-steadily increasing heat 
input (namely, a steady-state HSN temperature) was given by Sakurai et al. 
(1993, 1994). The model was shown to describe well the experi1nental data of 
steady-state HSN temperature in the liquids such as liquid nitrogen, liquid 
helium, ethanol and water pre-pressurized by appropriately high pressure. 
1.1.3 Pressure Transients 
Sakurai et al. (1980) carried out the experitnental study on transient 
boiling heat transfer on a horizontal cylinder in a pool of water caused by rapid 
depressurization. They clearly observed that the initial non-boiling state on the 
test heater was switched over to a film boiling state after the rapid 
depressurization, and that the critical heat fluxes for these processes were 
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considerably lower than the steady-state critical heat fluxes at the corresponding 
pressures. The mechanism of this decrease in CHF during the pressure reduction 
has never been resolved for a long time. 
1.2 THE PURPOSES OF THIS STUDY 
The purposes of this study are, ( 1) to obtain systematically the database 
for the critical heat fluxes resulting from exponentially increasing heat inputs 
with various exponential periods on the test cylinders with commercial, mirror 
and rough surfaces in water for wide ranges of subcooling and pressure, (2) to 
obtain the database for the critical heat fluxes under rapid pressure reduction for 
wide ranges of initial pressure, initial heat flux, pressure reduction rate and 
cylinder diatneter, and (3) to discuss whether these experimental results can be 
explained based on the CHF model suggested by Sakurai et al. tnentioned above. 
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CHAPTER2 
EXPERIMENTAL APPARATUS AND METHOD 
FOR CHAPTERS 3 TO 5 
2.1 APPARATUS AND METHOD 
The apparatus used to measure the steady and transient boiling 
phenotnena in Chapter 3 to 5 is shown schetnatically in Fig.2-1. It mainly 
consists of a boiling vessel (1 ), a pressurizer ( 5), and a liquid feed tank (8) with 
a booster pump (9). The boiling vessel is a cylindrical stainless steel pressure 
vessel of 20-ctn inner diameter and 60-ctn height capable of operating up to 5 
MPa. The vessel has two sight ports and is equipped with a pressure transducer 
and a sheathed 1-tnm diatneter K-type thermocouple that is used to tneasure the 
bulk liquid tetnperature. A test heater (2) is supported in the vessel. The vessel is 
connected with a pipe through a valve and a booster putnp to the liquid feed tank. 
The air-driven booster pump is used for the pre-pressurization before each 
experimental run. 
The block diagram of the heating device for the test heater, and the 
tneasuring and data processing system are shown in Fig.2-2. A power atnplifier 
controlled by a high-speed analog computer supplies direct current to the test 
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heater. The analog cotnputer cotnputes the instantaneous power generation rate 
in the heater and compares it with the reference value, Q0 exp(t/r). Thus, the 
cotnputer controls the output of the power amplifier so that the two values (heat 
generation rate and the reference value) are equal. In this way, steadily and 
exponentially increasing heat input is supplied to the heater. The analog 
cotnputer also co1nputes the instantaneous tnean tetnperature of the heater and 
cuts off the power supply to the heater when the calculated mean temperature 
reaches a preset value. This procedure prevents the heater from actual burnout. 
The power amplifier consists of 800 power transistors in parallel and can supply 
2000 A at 40 V. The heat generation rate in the heater is calculated frotn the 
measured voltage difference between the potential taps of the heater and the 
current measured using a Manganin standard resistance. The instantaneous tnean 
temperature (volume averaged) of the heater, Tm, is calculated from the 
unbalanced voltage of a double bridge circuit including the heater. The 
instantaneous surface heat flux, q, is then obtained from the following heat 
balance equation for a given heat generation rate, Q : 
= !_ Q d - !_ c d dJ:, q 4 4 ps Ps dt (2-1) 
The instantaneous surface tetnperature of the heater, Tw, is obtained solving the 
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following conduction equation ustng a digital cotnputer for a g1ven heat 
generation rate with given surface heat flux as a boundary condition: 
k 1 _i_(, a TJ _ a r 
s a a +Q-cpsPs-
r r t at 
(2-2) 
In data processing, a digital cotnputer was used. The unbalanced voltage of the 
double bridge circuit including the heater, and the voltage differences between 
the potential taps of the heater and across the standard resistance were fed to the 
digital computer through an analog-to-digital converter (ADC). The fastest 
sampling speed of the ADC was 5 ~s/channel. The experimental error is 
estimated to be about ± 1 K in the heater surface temperature and ±2 o/o in the 
heat flux. 
2.2 TEST HEATERS 
The platinutn horizontal cylinders of 1.2 mtn in diatn. and 90 mtn in 
length were used as test heaters to measure steady and transient boiling 
phenotnena. Two fine 30-~m diameter platinutn wires were spot-welded as 
potential taps at around 20 mtn from each end of the cylinder heater. The 
effective length of the heater between the potential taps was about 50 mm. These 
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test heaters were annealed and their electrical resistance-tetnperature relations 
were 1neasured in water and glycerin baths. The measuring accuracy was 
estimated to be within ±0 .5 K. 
The 2-mm of platinum and 5-Inin diam. stainless steel horizontal 
cylinders were also used to 1neasure steady-state critical heat fluxes respectively. 
2.3 EXPERIMENTAL PROCEDURE 
Distilled and demineralized water is degassed by keeping it boiling for 
30 minutes at least in the boiling vessel and in the water feed tank. The water 
was fully filled in the boiling vessel with the free surface only in the pressurizer 
and liquid feed tank. Water temperatures in the boiling vessel and in the 
pressurizer were separately controlled to realize the desired saturated and 
subcooled conditions. Pre-pressurization before each experitnental run for a time 
of about 3 1ninutes was perfonned by the booster pump up to 5 MPa. The pre-
pressurization at a high system pressure can be performed without increasing the 
a1nount of dissolved gases in water. 
10 
~5 
1 Boiling Vessel 
2 Test Heater 









6 Sheathed Heater 
7 He Gas 
8 Liquid Feed Tank 
6 
9 Booster Pump 
@ Pressure Transducer 
@ Thermocouple 








I GENERATION I 
'---------------













EXPRESSION PRINT OUT 
REFERENCE CALCULATION 
SIGNAL FOR OF 








HIGH SPEED I y
1 TEST A/D 
HEATER I CONVERTER v R 
+ t v I I VL R ~ ___ ~:~Q~D.2:E~P~ : __ _ 1 _____ ~ _______ -~ 
DOUBLE BRIDGE CIRCUIT 
INCLUDING TEST HEATER 
DIGITAL COMPUTER 
Fig. 2-2 Block diagram of the heating device for the test heater, and 
the measuring and the data processing system. 
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CHAPTER3 
STEADY-STATE POOL BOILING CRITICAL HEAT FLUX 
ON A HORIZONTAL CYLINDER IN WATER AND ITS MECHANISM 
3.1 INTRODUCTION 
The correct understanding of the cooling limits of high heat fluxes 
encountered in many important engineering and scientific systems especially in 
plastna-facing components in fusion reactors becomes necessary. Many 
experimental investigations for highly subcooled flow boiling of water were 
carried out recently. On the other hand, though the critical heat fluxes in a pool 
of water up to high subcoolings and pressures are important as the fundatnental 
database to understand those at zero velocity of water, no syste1natic studies on 
the critical heat fluxes in pool boiling of water for wide ranges of subcooling 
and pressure exist till quite recently. Sakurai et al. (1993, 1995) carried out the 
pool boiling experimental studies for high subcoolings at high pressures in water 
due to quasi-steadily increasing heat inputs as a part of their transient boiling 
experitnents. They suggested based on their data for water that there exist two 
different mechanisms for heat transfer crisis at critical heat flux for low and high 
subcooled regions. The former would be due to hydrodynamic instability and the 
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latter would be due to heterogeneous spontaneous nucleation in originally 
flooded cavities on the solid surface in fully developed nucleate boiling regime. 
The purpose of this chapter is to confirm the existence of the latter CHF 
mechanistn for the test heaters with different diatneters and shapes in water at 
pressures. 
3.2 EXPERIMENTAL RESULTS AND DISCUSSION 
3.2.1 Experimental Conditions 
Pool boiling critical heat fluxes were measured on a 1.2-mm diameter 
horizontal cylinder test heaters in water for the pressures ranging frotn 101.3 
kPa to 2063 kPa, and for the liquid subcoolings from 0 to 180 K. Heat input to 
the test heater was increased quasi-steadily as an exponential titne function with 
the period of 20 s. The experitnents for the case with pre-pressurization before 
each experitnental n1n were also carried out for the experitnental conditions 
satne as those for the case without pre-pressurization. The pre-pressurization 
was made at a high pressure of around 5 11Pa for a time of about 3 tninutes. The 
critical heat fluxes were also measured on test heaters of various shapes such as 
a vertical ribbon (thickness of 0.2 mtn, width of 5.4 tnm, and the effective length 
of 34.2 tntn), a vertically oriented horizontal ribbon (thickness of 0.2 mm, width 
of 5.4 tntn, effective length of 24.6 tntn) and a lower-side insulated horizontal 
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flat ribbon (horizontal plate, thickness of 0.49 tntn, width of 6 tntn, effective 
length of 34.2 tntn) for wide ranges of experimental conditions without pre-
pressurization. 
3.2.2 Critical Heat Flux for a 1.2 mm Horizontal Cylinder 
The CHF values, qcr, on a 1.2 mm horizontal cylinder in water were 
measured for the ranges of pressure from 101.3 to 2063 kPa and subcooling 
frotn zero to 180 K. The obtained qcr values are shown versus subcooling in 
Fig.3-1 with pressure as a paratneter, and shown versus pressure in Fig. 3-2 with 
subcooling as a parameter. The CHF values for the subcoolings lower than near 
40 K were clearly dependent on pressure. The qcr value at each pressure almost 
agrees with each other for the subcooling of 40 K. The CHF values for the 
subcoolings higher than 40 K at pressures lower than about 200 kPa are also 
dependent on pressures and rapidly increase with an increase in subcooling. On 
the other hand, the CHF values for the subcoolings higher than 40 K at pressures 
higher than about 700 kPa are almost independent of pressures and gradually 
increase with an increase in subcooling. The CHF values do not agree with the 
values obtained frotn well known existing correlations by Kutateladze (1959), 
Zuber (1959), and Ivey and Morris (1962) as shown in Fig. 3-1 except those for 
a very narrow range of subcoolings from zero to about 20 K. The CHF values 
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for saturated conditions, jjTsub == 0 , at pressures up to 2063 kPa agreed with the 
values derived from the Kutateladze's correlation with the constant of 0.17 
within about ±3 o/o error as clearly seen in FigJ-2. 
The following new correlation was derived by modifying the 
Kutateladze's CHF correlation for subcooled condition taking into account the 
non-linear effect of subcooling observed in the experitnental data of this work 




where K 1 == 0.17 . The predicted values of CHF by the correlation are shown in 
cotnparison with the experimental data in Figs. 3-1 and 3-2. The predicted 
values agree with the corresponding experimental data for the subcoolings from 
0 to 40 K at all the pressures tested. At pressures lower than about 200 kPa, the 
predicted values also agree with the corresponding data for the subcoolings up to 
80 K within about ±5 °/o difference each other. The values of CHF for the 
subcoolings higher than about 60 K at higher pressures do not agree with the 
predicted values, because the CHF becomes almost independent of the pressures 
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higher than around 500 kPa. 
Fallowing empirical equation of CHF that is independent of pressures 
for the subcoolings higher than about 60 K at pressures higher than about 500 
kPa was derived. 
K AT 0. 73 qcr,sub = 3LJ mb (3-3) 
where K 3 == 3.81 x 10 5 . The curve given by Eq.(3-3) is also shown in Fig. 3-1 
for cotnparison. The measured qcr,mh values lie altnost within ±5 o/o of the 
corresponding values derived frotn Eq.(3-3). 
The power value of 1.5 in Eq.(3-1) was determined so that the modified 
correlation can better express the experimental data for low subcoolings 
depending on pressures. Kutateladze supposed in his analysis that the liquid 
temperature in the two-phase boundary layer was saturated. However, there 
exists the thennal boundary layer in the liquid in the vicinity of the heating 
surface. The existence of thermal boundary layer was observed by Marcus and 
Dropkin (1965). According to their observation, the temperature at any fixed 
point in the thermal boundary layer was widely and rapidly fluctuating variable 
and the average temperature within the layer appeared to be essentially linear 
very near the heating surface. As the thermal boundary layer exists in the two-
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phase boundary layer, average ternperature of the liquid in the two-phase 
boundary layer is higher than the saturation ternperature . The removal of the 
superheated liquid frorn the two-phase boundary layer would exist even in 
subcooled critical heat flux. It can be explained according to the Kutateladze's 
model that the power value higher than unity in Eq.(3-1) may correspond the 
contribution of extra sensible heat transport due to the release of superheated 
liquid from the two-phase boundary layer accotnpanied with rising vapor 
bubbles from the surface, instead of the release of saturated liquid predicted by 
the model. On the other hand, the CHF values for high subcoolings at high 
pressures cannot be expressed by the correlation, Eq.(3-1 ). This means that there 
exists another rnechanistn of heat transfer crisis at the CHF different from that 
based on the hydrodynarnic instability. 
3.2.3 Mechanism of Heat Transfer Crisis at CHF for High Subcooling at 
High Pressure 
Sakurai et al. (1993, 1994) measured the initial boiling surface 
superheats, L1T; , in water and in liquid nitrogen at atmospheric pressure after 
raising the system pressure to a certain value, keeping the value for about 3 
rninutes and then decreased it down to atmospheric pressure. The pre-
pressurization in case of water was made by hydrostatic pressure to prevent the 
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dissolution of gases. Their value of L1T; for water are shown in Fig. 3-3 versus 
pre-pressure. The L1T; values estimated from the existing cavity theory (Griffith 
et al. , 1960) (Fabic, 1964) (Holtz, 1966) (Chen, 1968) (Dwyer, 1969) becorne 
higher for the higher value of pre-pressure . However, the rneasured L1T; values 
were expressed by two straight lines (a, b). The line (a) for lower pre-pressures 
shows the effect of pre-pressure on initial boiling surface superheat due to active 
cavities on the test cylinder surface. The constant line (b) for the higher pre-
pressures shows that the boiling initiation rnechanism was replaced from that by 
active cavities entraining vapor to another rnechanism by which the boiling 
initiation occurs at a constant surface superheat independent of the pre-
pressures. 
On the other hand, the whole measured L1I: values for liquid nitrogen 
with pre-pressurization by helium gas were approxirnately expressed by the 
constant line (b') independently of the pre-pressure. The boiling initiation in 
liquid nitrogen was assumed to occur due to the heterogeneous spontaneous 
nucleation (HSN) in flooded cavities without the contribution of active cavities 
in general. Namely, there exist no active cavities on the test cylinder surface in 
liquid nitrogen because there is no known dissolved gas content and liquid 
surface tension is so low that vapor bubbles are not entrained in the surface 
cavities. The initial boiling in water corresponding to the constant L1~ line (b) 
was asswned to occur by the HSN in originally flooded cavities on the cylinder 
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surface. The potential active cavities entraining vapor for initial boiling 
requiring the surface superheat lower than the surface superheat corresponding 
to the constant .t1Ti line were eliminated by the pre-pressure higher than about 2 
:rvtPa. 
All the data for the case with pre-pressurization are obtained by the pre-
pressure of about 5 :rvtPa in this work. For the pre-pressure of 5 MPa, the 
potentially active cavities requiring the initial boiling surface superheat lower 
than around 60 K (the value on the extrapolation of the curve (a) at 5 :rvtPa) are 
eliminated. The HSN surface superheat is affected by the rates of increasing heat 
inputs (namely, by the increasing rate of surface superheat) as will be tnentioned 
in Chapter 4. Sakurai et al. (1993, 1995) measured the lower limit of HSN 
surface superheat, .t1TiLH, in saturated water, liquid helium I, liquid nitrogen and 
ethanol at various pressures. They proposed a theoretical model of HSN surface 
superheats for saturated liquids that can describe well their data of .t1T iLH . 
It is asstnned that the heat transfer crisis at CHF for high subcoolings at 
high pressures would occur due to the explosive-like HSN in originally flooded 
cavities on the cylinder surface at the lower litnit of HSN surface superheat in 
fully developed nucleate boiling (FDNB) regime. This assumption is based on 
the following facts. Figures 3-4 and 3-5 show the typical heat transfer processes 
up to CHF point through initial boiling point in water due to exponential heat 
inputs, Q0 exp(t/r ), with the period r of 20 s (namely, quasi-steady heat 
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inputs) on the log q versus log .t1T!;{,t graph. Pre-pressurization with 5 MPa for 
a while was tnade before each run. The processes in Fig. 3-4 are for the 
subcooling of 60 K at pressures ranging frotn 1 01.3 to 2063 kPa, and those in 
Fig. 3-5 are for the subcoolings ranging from 0 to 60 K at the pressure of 101.3 
kPa. Solid circles show the initial boiling points and solid triangles show the 
CHF points in FDNB regi1ne. Although it is not shown in these figures to avoid 
too tnuch complexity, the processes up to CHF points in FDNB regitne for the 
cases with and without pre-pressurization agreed well with each other. Let the 
surface superheat at CHF be .t1Tc and the initial boiling surface superheat which 
corresponds to lower limit of HSN surface superheat be .t1TiLH . As shown in Fig. 
3-4, the .t1Tc on each heat transfer process for the pressure higher than around 
500 kPa almost agrees with the lower limit value .t1TiLH ( .t1TiLH ~ .t1Tc ). On the 
contrary, the lower limit values of HSN surface superheat, L1TiLH, for the 
subcoolings ranging from 0 to 60 K at atmospheric pressure are all higher than 
the LiTe, (.t1TiLH >.t1Tc), as shown in Fig.3-5. Namely, the critical heat fluxes for 
the heat transfer processes shown in Fig. 3-5 are reached before the occurrence 
of explosive-like HSN. Therefore, the CHF values are well predicted by Eq. (3-
1 ), being free from the effect of HSN. The L17:, and LiTe for the subcooling of 
60 Kat pressures from 0 to about 2 MPa for the case without pre-pressurization, 
and initial boiling surface superheat for the case with pre-pressurization, .t1T iLH, 
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are shown versus system pressure, P, in Fig.3-6. The values of L1I: and L1Tc 
for the pressures higher than around 700 kPa almost agree with the 
corresponding values of L1TiLn. This fact leads to that the qcr,mb values for 
higher subcoolings at pressures higher than around 700 kPa becotne lower than 
those calculated from Eq.(3-1) as clearly shown in Fig.3-2. 
3.2.4 The CHF Correlation for High Subcooling in Water 
Though Sakurai et al. (1993) have already presented a model for the 
lower limit of HSN temperature that was shown to be applicable for similar 
solid surfaces in various liquids under saturated condition, a general prediction 
of CHF values for high subcoolings at high pressures is difficult at present. This 
is because there are no general expressions for the HSN surface superheat and 
the heat transfer in fully developed nucleate boiling regime for a certain solid 
surface. More extension of the research works for the problems are needed. It is 
possible to derive an empirical correlation for solid surfaces with sitnilar surface 
conditions such as the cavity size distribution, wettability and so on for the solid 
surface concerned. It can be seen with sharp eyes that the experitnental CHF 
values for high subcoolings at high pressures slightly depend on pressures. It is 
supposed that appreciable pressure dependence may appear at the pressures up 
to critical pressure greatly higher than those tested here. In fact, as is tnentioned 
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later, the CHF values due to HSN significantly dependent on pressure exist for 
whole subcoolings including saturation conditions at pressures with higher 
critical pressure ratio, P /Per for other liquids. Following non-ditnensional 
empirical correlation for q cr ,mb dependent on pressures was obtained. 
where q;r,sat is the potential CHF for saturated condition due to the 
heterogeneous spontaneous nucleation, although the actual CHF occurs due to 
the hydrodynatnic instability below the value under the condition. The q;, ,sat 
was estimated as the heat flux on the extended developed nucleate boiling curve 
at the lower limit of HSN superheat LJI:Ln obtained here by the method 
mentioned above. The q;r,sat values are 4 x 106 , 4.3 x 106 and 4.5 x 106 
W /m 2 for the pressures of 1082, 1475 and 2063 kPa, and the coefficients A, B 
and Care 0.31, 2.6 and -4.0, respectively. 
Figure 3-7 shows the comparison of the typical CHF data for high 
subcoolings at pressures of 1082 and 2063 kPa with the corresponding CHF 
curves obtained from Eq.(3-4). The experimental data slightly depending on the 
pressures agree well with the corresponding predicted values. The qcr,sub values 
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supposed in FDNB at values of .t1I:LH for subcoolings at 2063 kPa are also 
shown in the figure . They agree with corresponding experitnental data. Effects 
of the test heater shapes and kinds of liquids on the correlation are shown later. 
3.2.5 The CHFs for Various Shaped Heaters In Water and Their 
Correlations 
Critical heat fluxes were measured on the cylinder test heaters with 
various diameters and on the heaters with different shapes for wide ranges of 
subcoolings and pressures. The trend of CHF versus liquid subcoolings obtained 
for each test heater was just similar to that obtained for the 1.2 mm-diameter 
horizontal cylinder mentioned before. The CHF values for the subcoolings lower 
than 60 K were expressed by Eqs.(3-1) and (3-2) with the coefficients K1 and 
K
2
, and those for the subcoolings higher than 60 K were by Eq.(3-3) with the 
coefficients A, B and C. 
The measured CHFs on the horizontal cylinders with the diatneters of 
1.2, 2 and 5 illlTI in water were for liquid subcoolings up to 180 K and pressures 
up to 2 MPa. It was deduced fro1n the results that two CHF mechanistns exist: 
one is due to the hydrodynatnic instability (HI) and the other is due to the 
heterogeneous spontaneous nucleation (HSN). The CHF correlation for lower 
subcooling based on the hydrodynamic instability is expressed by Eqs. (3-1) and 
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(3-2). Equation (3-1 ) was obtained by 1nodifying the Kutateladze's subcooled 
CHF correlation [3] taking into account the nonlinear effect of subcooling based 
on the experitnental data. Kutateladze's correlation did not provide a good 
prediction of the experitnental data. The values of K 1 and K 2 for the horizontal 
cylinder diatneters of 1.2 1n1n, 2 m1n, 5 m1n were detennined based on the 
author's data and those for the dia1neter of 5.8 1nm were on the data by Ponter & 
Haigh (1969) . 
The constants K 1 and K 2 obtained for water are shown in Fig. 3-8 
versus non-dimensional length L' expressed by Eq. (3 -6). The K 1 values are 
close to 0.17 and are independent of the cylinder diameters tested. The K 2 
values are independent of the pressures, and are only dependent on the cylinder 
diameters. They are on a straight line expressed by the following equation. 
K2 = 0.38(1-loge L') (3-5) 
where 
(3-6) 
The non-dimensional length L' means the ratio of the cylinder radius d j 2 to 
the Laplace length that is proportional to the dangerous wavelength of 
hydrodynatnic Taylor instability. The L' was used by Lienhard and Dhir (1973) 
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to express the effect of cylinder diameter on saturated CHF in various liquids. 
The values of K 1 for large and small cylinders predicted by the correlation of 
Lienhard and Dhir (1973) are also shown in the figure as broken lines for 
cotnpartson. 
The qcr ,sub versus ATsub relations for 2-tnm and 5-tntn diatneter 
horizontal cylinders are shown with pressure as a parameter in Figs.3-9 and 3-10 
respectively. The CHF data for subcoolings of up to 60 K at atlnospheric 
pressure on 5.84 mm horizontal cylinder in water obtained by Panter and Haigh 
(1969) are also shown in Fig.3-l 0 for comparison. The CHF data for the 5-mm 
diatneter horizontal cylinder at the pressure of 101.3 kPa agreed well with the 
data by thetn. As shown in these figures, the trends of CHF versus liquid 
subcooling at pressures for all of these test heaters are similar to that for the 1.2 
tntn-diatneter horizontal cylinder. The corresponding curves of q cr ,sub versus 
ATmb for the pressures obtained from Eqs.(3-1), (3-2) and (3-4) with the 
corresponding constants shown in Table 3-1 are also shown in the figures. The 
K 1 values for the horizontal cylinders are just the satne each other, 0.17. 
Natnely, the qcr ,sat for such diatneters are the same each other independently of 
the diameters. On the other hand, K 2 , A, B and C for the horizontal cylinders 
are significantly different each other. The values of A, B and C for 5-mtn 
diameter horizontal cylinder, the vertical ribbon and the horizontal vertically 
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oriented ribbon are the satne as each other. The values of K 2 for the first and 
second ones are ahnost same, 0.356 and 0.375, respectively. The horizontal 
vertically oriented ribbon and the vertical ribbon are just the satne heater except 
. its orientation. The values of K 1 and K 2 for the horizontal vertically oriented 
ribbon and the vertical ribbon are significantly different though the values of A, 
B and C are the sa1ne each other. The value of K 2 for the horizontal flat ribbon 
(horizontal plate) is 0.87 which is the highest for the ribbons shown in Table 3-1. 
It seems that the K 2 value is higher for lower specific height. It is supposed that 
the K 2 value for the vertical ribbon with larger height will become about 0.3 7 5. 
3.3 COMPARISON OF CHF MODEL WITH AVAILABLE DATA 
3.3.1 The Subcooled CHFs in Ethanol 
The CHFs in ethanol were measured by Kutateladze and Schneiderman 
(1953) for subcoolings ranging from about 0 to 120 Kat pressures frotn 101.3 to 
1 0 13 kPa to determine the constants in their correlation for q cr ,mb . The CHF 
values were estimated frotn their reported values of qcr ,sub / qcr,sat by using the 
qcr,sat values given by Eq.(3-2) with K 1 of 0.13. Their data of qcr,sub thus 
estimated and the curves for 101.3 and 1013 kPa obtained by their correlation 
are shown in Figs. 3-11 and 3-12. The curves derived from Eqs. (3-1), (3-2) and 
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(3-4) with the constants shown in Table 3-2 are also shown in the figure. It 
seetns from Fig. 3-11 that, though their data for the subcoolings lower than 
about 10 Kat pressure of 101.3 K agree with the values derived from Eqs. (3-1) 
and (3-2) based on the hydrodynamic instability tnodel, other data 
approximately agree with the values derived from Eq. (3-4) with the constants 
shown in Table 3-2. It can be assumed frotn these facts that most of the CHF 
values except those for the narrow range of sub coo lings frotn zero to about 10 K 
at the pressure of 101.3 kPa are due to the HSN. As shown in Fig. 3-12, tnost of 
the data do not agree with the values derived from Eqs. (3-1) and (3-2). 
3.3.2 The CHFs in Methanol 
Elkassabgi and Lienhard (1988) have measured the pool boiling CHF on 
horizontal cylinder heaters in acetone, Freon 113, methanol and iso-propanol 
over ranges of subcoolings frotn zero to 130 K. It was suggested that there are 
three distinct tnechanisms of heat transfer crisis at different levels of subcooling 
and three correlations were presented for the regions of lower, intertnediate and 
high subcooling based on their data for horizontal cylinders. Their data for 
tnethanol are shown in Fig. 3-13 as a typical one with the curves derived from 
their correlations. The values derived frotn Eqs. (3-1), (3-2) and (3-4) with the 
constants shown in Table 3-2 are also shown in the figure. The CHF data for the 
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subcoolings lower than about 15 K agree with the values derived frotn Eqs. (3-1) 
and (3-2). Those for the subcoolings higher than about 15 K agree with the 
values derived from Eq. (3-4) with the constants shown in Table 3-2. Namely, it 
is supposed that the heat transfer crisis at the CHF occurs due to the HSN in 
fully developed nucleate boiling (FDNB). It should be noted that the K 2 of 
0.87 is just the same as that for water for the 1.2 tnm-diatneter horizontal 
cylinder, and K 1 of 0.18 is approxitnately the same as 0.17 for water. 
3.4 THE COMPARISON OF THE CHF CORRELATIONS FOR 
SUBCOOLINGS WITH EXISTING ONES 
The curves representing the experimental results of q cr ,mb for a 1.2 mtn-
diatn. horizontal heater in water at the pressures of 10 1.3, 1082 and 2063 kPa 
derived from Eqs. (3-1) and (3-2), and at the pressures of 1082 and 2063 kPa 
derived from Eq. (3-4) are shown in Fig. 3-14 versus ~Tmb . The corresponding 
curves derived from the correlations for low and intermediate subcoolings given 
by Elkassabgi and Lienhard (1988) and those derived from the correlation for 
subcoolings given by Zuber (1959) are also shown in the figure for cotnparison. 
It is recognized that the existing correlations did not explain the qcr ,sub obtained 




The CHF values for wide ranges of subcoolings and pressures were 
measured on various shaped test heaters such as horizontal cylinders with 
various diatneters, a vertical ribbon, a vertically oriented horizontal ribbon and a 
lower-side insulated horizontal flat ribbon in water. Experimental data lead to 
the following conclusions: 
(1) The q cr,sub data on 1.2 mm diameter horizontal cylinder in water for 
subcoolings frotn zero to 40 K at all the pressures, and those for the subcoolings 
frotn zero to 80 K at the pressures of atlnospheric and 199 kPa are dependent on 
the pressure. On the contrary, the qcr,mb data for the subcoolings from 60 K to 
180 Kat pressures from around 0.4 MPa to 2 11Pa are ahnost independent of the 
pressure and gradually increase with an increase in subcooling. 
(2) The qcr ,sub data in the fonner region of lower subcooling are in good 
agreement with the corresponding values predicted by the modified 
Kutateladze's correlation presented, Eqs. (3-1) and (3-2). The correlation over-
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predicts the data for other conditions. The qcr ,mb data in the latter region are 
well expressed by the etnpirical equation given for the range of subcooling and 
pressure, Eq. (3-3); tnost of the data exist within ±5 o/o of the corresponding 
predicted values. 
(3) It can be assumed from the experimental results above mentioned that there 
exist two different mechanisms of heat transfer crisis at q cr ,mb for lower and 
higher subcoolings. Namely, the fonner mechanism of heat transfer crisis would 
be due to the hydrodynamic instability and the latter one would be due to the 
heterogeneous spontaneous nucleation in originally flooded cavities on the test 
heater surface in the fully developed nucleate boiling. 
( 4) Sitnilar trend of CHF for wide ranges of subcoolings and pressures for the 
test heaters of various shapes was obtained. Existing correlations such as 
Kutateladze, Ivey and Morris, and Zuber ones cannot explain the CHF values for 
the subcoolings up to 180 K except those for the narrow range of subcoolings up 
to 20 Kat the pressures. 
( 5) The CHF values for lower subcoolings dependent on pressure on the test 
heaters of various shapes in water were expressed with good accuracy by the 
author's modified Kutateladze correlation based on the hydrodynamic instability 
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model. It was clarified that the CHFs due to the conventional hydrodyna1nic 
instability exist at low pressures near atlnospheric pressure for the narrow range 
of subcooling in ethanol and tnethanol. 
22 
(6) The non-ditnensional e1npirical correlation, Eq. (3-4), for CHF values for 
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(8) The constants of correlations based on the hydrodynamic instability and the 
HSN for low and high subcoolings were determined by the corresponding 
experitnental data for the test heaters with various shapes. 
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Fig. 3-6 Surface superheats iJ~LH , iJ~, and iJTc, versus pressure 
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Fig. 3-7 Comparison of the typical CHF data for high subcoolings 
at pressures of 1082 and 2063 kPa with the corresponding CHF curves 
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Fig. 3-9 Comparison of the typical CHF data on a 2 mm diameter 
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Fig. 3-10 Comparison of the typical CHF data on a 5 mm diameter 
cylinder with the corresponding C:HF curves obtained from Eqs. (3-1) and 
(3 -2), and those from Eq.(3-4). 
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Table 3-1 Constants in Eqs .(3- 1), (3-2) and (3-4) for water. 
Water 
Heaters K1 K2 A B c 
Horizontal Plate (6mm x 50mm) 0.14 0.87 -0.204 3.35 -6.55 
Horizontal Cylinder (1.2mm Diam.) 0.17 0.87 0.31 2.60 -4.10 
Horizontal Cylinder (2mm Diam.) 0.17 0.702 
--- --- ---
Horizontal Cylinder (5mm Diam.) 0.17 0.356 -0.204 3.35 -6.55 
Vertical Ribbon {5.4mm Width) 0.15 0.375 t t t 
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Fig. 3-11 Comparison of the CHF data for ethanol by Kutateladze 
with the corresponding CHF curves obtained from Eqs. (3-1) and (3-2), 
and those from Eq.(3-4). 
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their and the author's correlations. 
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Table 3-2 Constants in Eqs.(3-l), (3-2) and (3-4) for ethanol and 
methanol including K 2 values obtained by Eq. (3-5). 
Ethanol 
Heater Pressure K1 Kz A 8 c 
Horizontal Cylinder 101.3 kPa 0.17 0.742 0.421 -0.83 0.111 
202.6 kPa i 0.728 i i i 
506.5 kPa i 0.702 i i i 
1013 kPa i 0.672 i i i 
K2 values: obtained by Eq.(3-5) 
Methanol 
Constant 
Heater K1 K2 A B c 
Horizontal C_ylinder _11.04mm Diam.) 0.18 0.880 0.378 -0.104 0.0111 
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TRANSIENT POOL BOILING PHENOMENA 
DUE TO INCREASING HEAT INPUTS 
4.1 INTRODUCTION 
General understanding of transient boiling pheno1nenon caused by an 
increasing heat input is i1nportant as the database for the design and safety 
evaluation of several engineering systems. The transient pheno1nena including 
boiling incipience and transition from non-boiling regi1ne to film boiling in 
water and liquid sodiu1n are to be clarified for the safety assessment of nuclear 
reactor accidents caused by power burst. Those in liquid helium and liquid 
nitrogen are for the stability of superconducting magnets cooled by cryogenic 
liquids due to the local thermal disturbance in the magnets, and the cooling 
stability for 1nicroelectronic assemblies. Nevertheless, the generalized 
mechanism for the phenomenon has never been resolved. 
The ano1nalous trend of transient critical heat fluxes with respect to the 
periods, r, of exponentially increasing heat inputs, Qo exp(t/r ), that the qcr 
first gradually increases from the steady-state one, then decreases and again 
increases with a decrease in the period over the range from 10 s down to 5 ms 
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(the decrease of period means an increase in the rate of heat input) has been 
clearly observed on a 1.2 mtn platinutn horizontal cylinder in water at 
atmospheric pressure by Sakurai and Shiotsu ( 197 4, 1977 a, 1977b) for the first 
time, though sotne papers on transient pool boiling due to exponential heat 
inputs had been reported previously (Rosenthal et al., 1957) (Jolmson et al., 
1962) (Hallet al., 1966). 
The trend of the q cr with respect to r showed that there exist two tnain 
mechanisms of the transition to fihn boiling for long periods and for short 
periods, respectively. The q cr for a long period existed on a point around the 
extension of steady-state nucleate boiling curve on the heat flux, q, versus 
surface superheat, L1Tsat, graph. The mechanistn of the q cr would be roughly 
explained as the time lag of the heat transfer crisis which occurs at the steady-
state critical heat flux. There exist some models for steady-state heat transfer 
crisis based on hydrodynatnic instability by Kutateladze (1959), Zuber (1959), 
Lienhard and Dhir (1973), Haramura and Katto (1983), and so on. The steady-
state q cr Inodel is not the scope of this study. On the other hand, the q cr for a 
short period existed on the heat transfer process with rapidly increasing heat flux 
and slightly increasing surface superheat frotn the incipient boiling point. The 
incipient boiling point was on the conduction heat transfer process 
corresponding to the period tested on the q versus L1Tsat graph. Though it was 
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supposed that the transition mechanistn for the shoti period was different from 
that for the long period, the mechanistn has never been resolved for a long time. 
Recently, the direct transitions from a non-boiling regitne to fihn boiling 
have been observed by Sakurai et al. (1992) on a horizontal cylinder in liquid 
nitrogen in the transients caused by exponential heat inputs with the periods 
ranging from 100 s down to 5 ms, (namely for quasi-steady heat inputs and for 
very rapid ones) at around atmospheric pressure. At pressures higher than 
atmospheric, the direct transitions have been observed only for shorter periods. 
The longest limit of the exponential period for the existence of the direct 
transition depends on pressure; it is shorter for the higher pressure. At pressures 
higher than around atmospheric, the q cr flrst gradually increased frotn steady 
state one, then decreased and again increased with a decrease in the period. This 
trend of q cr versus r at pressures is sitnilar to that obtained by the water 
experiment at atmospheric pressure. On the other hand, the direct transitions to 
fihn boiling under high pressures occurred from the conduction heat transfer 
without or with increasing heat flux for a short period of time. It would be 
assumed that the transitions occurred due to the explosive-like heterogeneous 
spontaneous nucleation (HSN) in originally flooded cavities without the 
contribution of active cavities entraining vapor for boiling incipience. Natnely, 
there is no dissolved gas in liquid nitrogen except for possible trace atnount of 
heliutn, hydrogen and neon. The HSN means the spontaneous nucleation 
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influenced by a solid surface. The occurrence of HSN at tetnperatures 
considerably lower than the homogeneous nucleation temperature could not be 
explained by considering the HSN on a perfectly flat solid surface, but could be 
explained by the HSN in initially flooded cavities on the solid surface (Sakurai 
et al. , 1992, 1993 ). 
After that they (Sakurai et al., 1993) carried out water experiments 
similar to the liquid nitrogen experitnents for the pressures up to about 2 MPa 
and liquid subcoolings up to 30 K. The water experiments were for the cases 
without and with the pre-pressurization by high pressure (around 5 MPa) for a 
while in the test vessel before each experimental run (Case 1 and Case 2, 
respectively). For the Case 2, the anomalous trend of qc, was observed with 
respect to period at various pressures, which was just similar to that obtained by 
the liquid nitrogen experitnents mentioned above. The direct transition to film 
boiling was observed for a certain range of period, which depends on pressure. It 
would be considered that the boiling inception and direct transition occurred due 
to the HSN in originally flooded cavities. Natnely, by the pre-pressurization, the 
possibility of initial boiling due to the potentially active cavities entraining 
vapor which requires the surface superheat not only stnaller but also sufficiently 
higher than the HSN surface superheat is eliminated. On the other hand, the q cr 
for a short period for the case without pre-pressurization (Case 1) obviously 
agreed with that with pre-pressurization (Case 2), though the surface superheat 
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at the q cr for the former case was considerably lower than that for the latter 
case. However, the surface superheat at the critical heat flux for the fonner case 
almost agreed with the HSN surface superheat (incipient boiling surface 
superheat) for the slow increasing rate of surface superheat for the latter case . 
They considered that the q cr for the case without pre-pressurization occurred 
due to the HSN in initially flooded cavities and the vapor bubbles frotn active 
cavities lead to the occurrence of HSN at lower surface superheat because of the 
decrease of surface superheat increasing rate. 
The purpose of this chapter is firstly to obtain an extended data of the 
q cr values due to exponential heat inputs in water for the exponential periods 
and subcoolings over the ranges of 2 ms to 20 s and zero to 80 K at pressures 
ranging from 101.3 to 2063 kPa in cases with and without pre-pressurization, 
secondly to investigate the effect of high subcoolings at high pressures on the 
main two mechanisms of q cr depending on the exponential periods, and thirdly 
to observe in detail the direct transition to fihn boiling for the case with pre-
pressurization and to clarify the incipient boiling and the transition to film 
boiling for a wider range of subcoolings for the cases with and without pre-
pressurization. 
4.2 EXPERIMENTAL RESULTS AND DISCUSSION 
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4.2.1 Experimental Conditions 
The dynatnic heat transfer processes including boiling incipience and 
transition to fihn boiling due to exponential heat inputs were tneasured for a 1.2 
mtn dimneter horizontal cylinder in water for the wide ranges of exponential 
period, systetn pressure and liquid subcooling. The ranges are of pressure from 
101.3 kPa to 2063 kPa, of exponential period from 2 Ins to 20 s and of liquid 
subcooling from 0 to 80 K. 
The experiments for the case with pre-pressurization at a high pressure 
of around 5 MPa for a titne period of about 3 minutes before each experimental 
run were also carried out for the same experimental conditions as for the case 
without pre-pressurization. 
4.2.2 Transient Boiling Process 
Figure 4-1 shows typical changes in the heater surface tetnperature, Tw, 
and the heat flux, q, with titne for the exponential heat input, Q . The heater 
surface temperature at first increases with an increase in the heat input. Boiling 
starts at ~ beyond saturation temperature Tsar . The temperature differences of 
Li~ = ~ -Tsar is called the incipient boiling surface superheat. The heater 
surface tetnperature increases up to maxitnutn te1nperature overshoot, then 
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decreases and again increases with lower rate . When the heat flux reaches a 
certain value, q cr' which is natned the transient critical heat flux, the heater 
temperature rapidly increases. 
4.2.3 Transient Critical Heat Flux under Saturated Condition 
Transient critical heat fluxes due to exponential heat inputs to the 
horizontal test cylinder in a pool of water were obtained for wide ranges of 
exponential periods, pressures and subcoolings. The transient critical heat fluxes 
with the pre-pressurization were also obtained. The former and the latter ones 
without and with the pre-pressurization are called as those for the Case 1 and 
Case 2, respectively 
Figure 4-2 shows typical results of transient critical heat flux qcr versus 
exponential periods r at pressures of 101.3, 690, 1082 and 2063 kPa under 
saturated conditions. The relation between the critical heat flux and the 
exponential period at each pressure can be classified into three groups as clearly 
seen in the data for the Case 1 at atmospheric pressure and those for the Case 2 
at pressures of 101.3, 690 and 1082 kPa. The three groups of qc, for periods at 
atmospheric pressure for the Case 1 are shown in Fig. 4-2 as a typical. 
The first group of q cr at 101.3 kPa for the Cases 1 is for the periods 
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longer than around 100 Ills, and that for the Case 2 is for the periods longer than and 7 ms, respectively. The q cr versus period at each pressure has a linear 
around 3 s. At pressures higher than atmospheric, the first groups of q cr for the asymptotic line on a log-log graph. The q cr of second groups at pressures 
Cases 1 and 2 are for the periods longer than around 200 ms. The qcr values in higher than 690 kPa for the Case 1 and at the pressure of 2063 kPa for the Case 
the first group at each pressure for both cases agree with each other. The q cr 2 were not observed for the periods tested here. However, it is supposed that the 
points in the first group at each pressure exist on the extrapolation of steady- qcr values for the second group will be observed for the periods sufficiently 
state developed nucleate boiling curve on the graph of log q vs. log ATsar as shorter than the shortest one tested here and the q cr values for the Cases 1 and 2 
shown later in Fig. 4-9. Therefore, it can be assuilled that the heat transfer crisis will agree with each other for the same period. 
at the q cr which is larger than the steady-state critical heat flux q st is due to the The q cr in the second group for the Case 2 are expressed by the 
time lag of the hydrodynamic instability which starts at q st. following equation: 
The curves representing the q cr values of the first group for periods at 
the pressures are expressed by the following empirical equation: (4-2) 
q cr ,!mb = q st ,mb (1 + 0. 21 r-O.S) (4-1) where hcom is the transient non-boiling heat transfer coefficient and L1I: (r) is 
the HSN surface superheat as a function of r . The values of L1I: ( r) were 
where Qsr,!mh is given by Eq. (3-1) in Chapter 3. The curves for the pressures measured for periods at pressures. The non-boiling heat transfer coefficient hcom 
obtained from Eq. (4-1) are shown in Fig. 4-2 in COillparison with the is approximately expressed as follows (Sakurai et al., 1977a). 
coiTesponding experiinental data. 
The critical heat fluxes of the second group for the Case 1 at atmospheric l - [' 4 I 4 ]II 4 llcom - llc + 11, (4-3) 
pressure are for the periods shorter than 9 ms. Those for the Case 2 at pressures 
of 101.3, 690 and 1082 kPa are for the periods shorter than around 2 s, 40 IllS, If the period is sufficiently short and therefore the increasing rate of the surface 
56 57 
tetnperature is too rapid for natural convection to contribute appreciably to the 
heat transfer before the initiation of boiling, liquid would act as an infinite solid 
with regard to heat transfer. The heat transfer coefficient in this case can be 
obtained as a function of titne by solving the transient heat conduction equation. 
The coefficient for exponential heat input thus obtained is infinite at t == 0 but it 
decreases rapidly and approaches a certain asymptotic value of he with the 
increase in t I r (Sakurai et al., 1977a). For t I r ~ 3, it is well expressed by, 
he = (k zP 1 C pi I r )~ K 1 (JLD I 2 )/ K o (JLD I 2) = (k 1 P 1 C pl / r )~ (4-4) 
where J1 == [p1c pL jk1r ]~, and K 0 and K 1 are the tnodified Bessel functions 
of the second kind of zero and first orders. The initial value Q0 of the heat input 
is so low that the increase in heater temperature before t I r == 3 is insignificant. 
The non-boiling heat transfer coefficients for r ~ 0.1 s can be well expressed by 
Eq. (4-4) (Sakurai et al., 1977a). On the other hand, when the increasing rate of 
the heat input is sufficiently low, heat would be transferred by natural 
convection. Natural convection heat transfer coefficient It" is expressed by the 




z == 0.194 + 0.141log R1 + 0.6 x 10-2 (log R1 )
2 
-0.1 x 10-3 (log R 1 )
3
- 0.9 x 10-5 (log R 1 )
4 
and 
It was already confinned that the h" correlation based on the ngorous 
numerical solutions for various liquid with the Prandtl numbers stnaller than 10 
more correctly evaluate the natural convection heat transfer coefficients as 
compared with existing correlations such as Churchill and Chu's one (197 5) and 
Raithby and Holland's one (1985). The non-boiling heat transfer coefficients for 
r ~ 5 s can be well expressed by Eq. ( 4-5) (Sakurai et al., 1977a). The 
intermediate period region (0 .1 s < r <5 s) is the transition region from natural 
convection heat transfer to conduction heat transfer. The non-boiling heat 
transfer coefficients including the transition region are expressed by the Eq. ( 4-
3). 
The longer litnit of the period for the second group becomes shorter with 
an increase in pressure. In the Case 2 transients for the second group, the direct 
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or se1ni-direct transitions from non-boiling regime to film boiling occur at the 
q cr without or with the heat flux increase for a short period of time. It should be 
noted that the minimuin q cr values for the longest period for the second group 
at each pressure are extre1nely lower than the corresponding q st . 
These transient heat transfer processes including direct and semi -direct 
transitions for the Case 2 in water correspond to those for the liquid nitrogen 
experiments (Sakurai et al., 1992) under the satne conditions at pressures higher 
than atlnospheric. Therefore, it can be assutned that there exists no contribution 
of active cavities on the solid surface in both liquids. The initial boiling would 
occur due to HSN in originally flooded cavities. 
On the other hand, as clearly shown in the figure, the qcr for short 
periods at atinospheric pressure in the Cases 1 and 2 (in other words, in the cases 
with and without the contribution of active cavity for initial boiling) agreed with 
each other, though the surface superheat at q cr for the fonner case is lower than 
that for the latter case. It would be considered that the qcr for short periods with 
the contribution of active cavities for the Case 1 probably occur due to the HSN 
in originally flooded cavities, though the nucleate boiling from active cavities 
coexists with it. A few vapor bubbles growing up from active cavities remaining 
on the cylinder surface before the detachment lead to the occurrence of the 
heterogeneous spontaneous nucleation at the surface superheat lower than that 
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for the satne period for the Case 1. This is because the increasing rate of surface 
superheat on the local positions of the cylinder surface is decreased due to the 
increased heat flux by the bubbles; the surface superheat at initial boiling due to 
HSN decreases with a decrease in the increasing rate of surface superheat. 
The third group of q cr is for the intennediate range of period between 
those corresponding to the maxi1num and Ininimum q cr , and those are about 
1 00 ms and 1 0 ms at atinospheric pressure for the Case 1. The q cr in the group 
decreases or gradually increases with a decrease in period and then approaches 
the curve representing the q cr at which the direct or semi-direct transitions to 
film boiling occurs. The transition to film boiling at the q cr in the group occurs 
in incompletely developed nucleate boiling due to originally unflooded cavities 
with entrained vapor, and vapor entrained cavities activated from flooded 
cavities by neighboring vapor bubbles. The q cr becomes lower than that 
supposed due to the hydrodynamic instability. 
4.2.4 Transient Critical Heat Flux under Subcooled Condition 
The values of q cr at 1082 kPa for the Case 1 and Case 2 are shown 
versus periods with liquid subcooling as a parameter in Fig. 4-3 as a typical for 
subcoolings at a high pressure. The q cr values of the first group are for the 
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periods longer than around 200 ms for L1Tsub = 0 K, and longer than around 500 
ms for L1Tsuh = 20 K and longer than around 2 s for t1Tsuh = 40K for both cases. 
The heat transfer crisis for the subcoolings at the q cr larger than q sr is 
considered to be due to the same mechanisins as that for the saturated condition 
Inentioned before. 
On the other hand, the q cr values of first group for the subcoolings of 60 
and 80 K are for the periods longer than around 20 ms for both cases. As 
mentioned in the previous section, the heat transfer crisis at q sr (steady-state 
qcr) for the high subcoolings was assumed to occur due to the HSN in originally 
flooded cavities on fully developed nucleate boiling at the heat flux lower than 
that supposed by the hydrodynainic instability. The q cr in the first group very 
gradually increases with a decrease in the period. It should be noted that the q cr 
at the period of 20 ms is only about 140 o/o of the q st . The curves representing 
the relation of q cr versus period for the high subcooling at the high pressure are 
expressed by the following equation. 
q cr ,.wb = q st ,sub [1 + 2.3 X 10-2 ,-o. 7 ] (4-6) 
The slight increase in q cr on fully developed nucleate boiling is due to the slight 
increase of the HSN surface superheat. It is not due to the time lag of the 
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hydrodynamic instability that starts at the steady-state critical heat flux. The 
curves obtained by Eq. ( 4-6) are shown in Fig. 4-3 in coinparison with the 
corresponding experiinental data. 
The second group Qcr for the Case 1 are obtained only for the period of 
2.1 Ins at L1Tsuh = 20 K and 2.9 Ins at L1Tsuh = 60 K. Therefore, the asyinptotic 
lines of the critical heat fluxes of the second group for the Case 1 were not 
obtained. However, the asyinptotic lines for the Case 2 were obtained for all the 
subcoolings. The q cr in the second group for the Case 1 will be measured by 
using the exponential heat inputs with periods shorter than the shortest one 
tested here. The q cr value will exist on the asymptotic line of corresponding 
subcooling for the Case 2. The asymptotic line for each subcooling has almost 
the same gradient on the graph and it moves upwards for higher liquid 
subcooling. 
The critiyal heat fluxes in the third group are those for the intermediate 
range of period between those for the first and second groups. With a decrease 
of period in the range, the q cr slightly increases and then obviously decreases 
and finally approaches the asymptotic line for each subcooling. 
The qcr for periods obtained for subcooling of 60 K at pressures of 494, 
690, 1082 and 2063 kPa for the both cases are shown in Fig. 4-4. The q cr values 
for periods over the range from 30 ms to 20 s are independent of pressure. The 
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q cr values for the period of 20 s correspond to steady-state values for the 
pressures. The qcr values for the pressures of 690 and 1082 kPa for the Case 1 
decrease with a decrease in period from around 30 ms down to the values which 
are significantly lower than the corresponding steady-state critical heat fluxes. 
These q cr values for periods around 3 Ins for the both Cases 1 and 2 are on the 
asytnptotic line representing the q cr values for periods in the second group on 
the graph of the figure. The values are equal to about 60 °/o and 70 o/o of the 
corresponding steady-state critical heat fluxes, respectively. This means that 
both transitions are near direct ones to film boiling and the effect of vapor 
bubbles from active cavities for the Case 1 on the transition is negligibly small. 
The qcr for subcooling of 80 Kat pressures of 494, 690, 1082 and 2063 kPa for 
the both cases are shown versus period in Fig. 4-5. The trend of dependence on 
the period is ahnost similar to that for the subcooling of 60 ~shown in Fig. 4-4. 
The curves obtained by Eq. ( 4-6) are shown in Figs. 4-4 and 4-5 for comparison. 
4.2.5 Typical Transitions to Film Boiling at CHF 
There exist two types of boiling incipience on the cylinder surface in a 
liquid due to an increasing heat input. One is that from originally unflooded 
active cavities entraining vapor and the other is that from another mechanism 
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without contribution of the active cavities. The fanner is observed in water and 
the latter is in liquid nitrogen, liquid heliuin, ethanol, and in water pre-
pressurized by appropriately high pressures. The latter boiling Inechanisin would 
be due to the HSN from originally flooded cavities on the cylinder surface in the 
liquids. 
Typical data of transient incipient boiling heat flux qi and critical heat 
flux q cr obtained for the periods, r' ranging froin 2 ms to 20 s at atmospheric 
pressure, in the cases without and with pre-pressurization (Cases 1 and 2, 
respectively) are shown versus r in Fig.4-6. The incipient boiling surface 
superheat Lt~ and surface superheat at the critical heat flux LiTe for the data 
shown in Fig. 4-6 are shown versus r in Fig. 4-7. 
As shown in Fig. 4-6, the qcr values for the Cases 1 and 2 increase then 
' 
decrease and again increase with a decrease in period. The data are clearly 
classified into three groups for the cases. First ones for the Cases 1 and 2 are for 
the periods longer than 100 ms and 3.3 s respectively, second ones are for 
periods shorter than 5 ms and 2 s, and third ones are for the period between 5 Ins 
and 100 ms, and between 2 s and 3.3 s, although the q cr values for the periods 
between 2 s and 3.3 s for the Case 2 were not observed. 
As shown in Fig. 4-7, the incipient boiling superheats Lt~ for the Case 
2 due to the HSN are far higher than the corresponding values for the Case 1. 
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The HSN surface superheat is affected by the rates of increasing heat inputs 
(nainely, by the increasing rate of surface superheat). It has a lower liinit value 
for the period longer than around 50 s and increases gradually with the decrease 
in the period from 50 s down to about 2 s. It has a constant value for the periods 
fro In 0.1 s to 2 s, and again increases with the decrease in the period. The values 
of L1I: for the periods shorter than 2 s are all in agreement with the 
corresponding values of L1Tc . In the Case 1 transients, the values of L1Tc for 
the qcr in the first group are almost in agreement with the corresponding values 
of L1Ti. The values of L1Tc for the qcr in the third group become higher than 
the corresponding values of L11: with the decrease in the period from 100 ms to 
5 Ins. 
Typical heat transfer processes for various periods for the both cases are 
shown in Fig. 4-8. The processes with the qcr belonging to the first group are 
for the periods of 10 s and 100 Ins for the Case 1 and for the periods of 10 s for 
the Case 2. The processes with the q cr belonging to the second group are for the 
periods of 2.1 s, 1 s, 100 ms, and 10.9 ms for the Case 2, and the process for the 
third group is for the period of 10.9 ms for the Case 1. 
The q cr in the first group for both cases are those at which the 
transitions from fully developed nucleate boiling (FDNB) to film boiling occur 
after the preceding transitions froin the non-boiling regime to FDNB as shown 
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in Fig. 4-8. The qcr values gradually increase with a decrease in period. The 
increase of the q cr in the first group is roughly explained as the tiine lag of the 
heat transfer crisis which occurs at the steady-state critical heat flux . 
The q cr for the Case 2 changes to that of the second group at the period 
around 2 s. The qcr in the second group for the Case 2 is that at which direct 
transition froin non-boiling regiine to film boiling occurs. The non-boiling 
regime for period around 2 s corresponds to quasi-steadily increasing natural 
convection. The direct transitions from not only rapidly increasing conduction 
regiine but also quasi-steadily increasing natural convection regitne were 
observed in pre-pressurized water as shown in Fig. 4-8. The qi values in the 
second group are equal to qcr. The direct transition to film boiling at the 
incipient boiling point on non-boiling regime such as rapid conduction and 
quasi-steadily increasing natural convection was also observed in liquid nitrogen 
(Sakurai et al., 1992). It would be considered that the direct transition occurs due 
to the heterogeneous spontaneous nucleation in originally flooded cavities not 
only in liquid nitrogen but also in pre-pressurized water. The q cr values in the 
second group for the Case 1 ahnost agree with those for the Case 2 though the 
surface superheats at the q cr are lower than those for the Case 2 as shown in 
Figs. 4-6 and 4-7. Almost same processes for the periods of 10.9 ms for Cases 1 
and 2 on q versus L1Tsat graph can be seen in Fig. 4-8. The qcr in the second 
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group for the Case 1 are those at which transitions to fihll boiling . occur with the 
nucleate boiling for a period of time after the boiling incipience. Naillely, it 
could be expected that the nuillber of vapor bubbles from active cavities on the 
cylinder surfaces increases with an increase in heat flux and surface superheat 
due to a rapidly increasing heat input, and then the transition to fihll boiling 
occurs at around the lower limit of heterogeneous spontaneous nucleation 
temperature. This is because the vapor bubbles froill active cavities cause the 
surface superheat increasing rate to decrease and lead the HSN to occur at the 
local surface superheat near the lower limit of HSN surface superheat. 
The third group of q cr exists for the Case 1 as shown in Fig. 4-6 and the 
q cr decreases with a decrease in period from the maximum q cr down to the 
minimuin one. It was assumed that the heat transfer crisis at the qc, in the third 
group would occur due to the HSN in originally flooded cavities on a solid 
surface in the FDNB or insufficiently developed nucleate boiling at the surface 
superheat of around the lower liillit of HSN temperature as a result of 
accoinpanying gradual increase in the surface superheat. This transition occurs 
at the heat flux below the value derived froin Eq.(4-1) which express the qc, 
with respect to r in the first group for the Case 1. 
4.2.6 Transient Heat Transfer Processes 
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The heat transfer processes for the periods of 510 IllS under saturated 
condition at 1082 kPa for the Cases 1 and 2 are shown on the q vs. L1Tsar graph 
in Fig. 4-9 as the typical ones in which the transition to fihll boiling occurs at the 
qc, of first group. The transition to fully developed nucleate boiling (FDNB) 
firstly occurs in quasi-steadily increasing natural convection regiille for the 
period of 510 Ills at points A and A' for the Cases 1 and 2. Initial boiling at point 
A or A' occurs due to nucleation from active cavities entrained vapor or due to 
heterogeneous spontaneous nucleation (HSN) in initially flooded cavities. The 
surface superheats for the cases are 9 K and 25 K, respectively. The lower limit 
of HSN surface superheat, L1T iLH, which was obtained as an initial boiling 
surface superheat for the period of 20 s for Case 2 under the saine conditions is 
shown as an open circle. The surface superheat for the period of 510 ms at point 
A' was almost in agreement with the value of L1T iLH . At the transition points A 
and A', the surface superheat and the heat flux rapidly change through the 
processes of AB and A'B' to FDNB. The decrease of surface superheat in each 
process is due to the activation of flooded cavities. The activation progresses for 
the slow increasing heat input such as that for the period of 510 Ills. After that 
the heat flux increases along the fully developed nucleate boiling (FDNB) curve 
up to the heat flux (points C, C') where the transition from FDNB to film boiling 
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occurs. As shown in the figure, the q cr points exist on the extrapolation of the 
steady-state FDNB curve. The q cr values agree with each other and the surface 
superheats at q cr are lower than the value of .dTiLH . Little influence of the pre-
pressurization on the FDNB heat transfer and on the transition from FDNB to 
fihn boiling can be seen, though the heat transfer processes from the boiling 
initiations to FDNB are considerably different each other. Therefore, it would be 
considered that the heat transfer crisis at the q cr in the first group which is 
larger than the q st is due to the time lag of hydrodynatnic instability which 
starts at the q st . 
The heat transfer processes for the subcooling of 60 K for the same 
period and pressure in both cases are also shown on the graph as typical ones 
under subcooled condition. The transition to FDNB occurs in quasi-steadily 
increasing natural convection regime for the subcooling at points As and As' for 
the Cases 1 and 2. The surface superheats for the cases are 23 K and 26 K 
respectively. The former value for the Case 1 is far higher than that for the 
saturated condition at point A (about 9 K) though the latter value ahnost agrees 
with the value at point A'. The surface superheats are slightly higher than the 
lower limit of HSN surface superheat .dT iLH shown as an open circle on the 
solid curve. The surface superheat and heat flux change through the processes of 
As Bs and As' Bs' to FDNB. The process As Bs for the Case 1 almost agrees 
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with that for the Case 2, As' Bs ' , though the surface superheat for the process 
soon after the initial boiling point is slightly lower than that for the Case 2. The 
heat fluxes at Bs and Bs' are as high as that slightly lower than the steady-state 
critical heat flux q st ,sub. The activation of originally flooded cavities is relatively 
slow to progress under high subcooling for the increasing heat input with the 
period of 510 ms. The Qcr points Cs and Cs' exist on the extrapolation of the 
steady-state FDNB curve and the critical heat fluxes agree with each other. The 
surface superheats at the q cr points of Cs and Cs' ahnost agree with the .dT iLH . 
As Inentioned before, the heat transfer crisis at the q cr occurs due to the HSN. 
The heat transfer process for the period of 2.9 ms at 1082 kPa under 
saturated condition for the Case 2 is shown in Fig. 4-10 as a typical one with the 
qcr of second group. The qcr for the Case 1 for the satne period belongs to the 
third group, whose heat transfer process is also shown in the next figure. The 
qcr in the second group under saturated condition is not obtained for the Case 1 
even at the shortest period tested here. As shown in the figure, boiling firstly 
occurs in conduction regitne for the period at the surface superheat of 60 K 
(point A') and then the heat flux and surface superheat rapidly decreases and 
Increases, respectively, to film boiling. The qcr at point A' is the direct 
transition heat flux from non-boiling to film boiling. 
The heat transfer processes for the subcooling of 60 K for the same 
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period and pressure for the Cases 1 and 2 are also shown on the graph as typical 
ones under subcooled condition. The heat transfer processes after the initial 
boiling points As and As' are near direct transitions to film boiling. The surface 
superheats at the initial boiling points are 50 K and 54 K, respectively. The 
values of Qcr for both cases are almost in agreetnent with each other and are 
significantly lower than q sr ,Silb as shown in the figure. 
Figure 4-11 shows the heat transfer processes as typical ones with the 
q cr of third group. at 1082 kPa. The heat transfer processes plotted are that for 
the period of 2.9 tns under saturated condition for the Case 1, and those for the 
period of 53.5 ms and liquid subcooling of 60 K for the Cases 1 and 2. In the 
former heat transfer process under saturated condition, the heat flux rapidly 
increases with a slight decrease of surface superheat up to q cr after the boiling 
initiation at point A. The surface superheat at the Qcr is 29 K. The heat flux 
reaches the maxitnum value at point C before reaching the FDNB regime with a 
decrease in surface superheat due to the activation of originally unflooded 
cavities. The explosive-like HSN occurs at point C, which has become possible 
to occur at the point due to the decrease of surface superheat increasing rate. In 
the latter heat transfer processes under subcooled condition, boiling initiates on 
conduction regime at points As and As' for the Cases 1 and 2. The surface 
superheats for the cases are 28 and 32 K, respectively. After the boiling 
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inception, surface superheat first increases, then decreases and again increases 
with an increase in heat flux. The transient heat transfer process for the Case 1 
almost agrees with that for the Case 2, though the surface superheat for the 
process just after the initial boiling is slightly lower than that for the Case 2. It 
should be noted that the heat flux for each case increases after the initial 
temperature overshoot and setback on the higher superheat side of the steady 
FDNB curve ahnost parallel to it and has a tnaxitnum value. Namely the critical 
heat flux is reached before the originally flooded cavities are fully activated. 
However, it is supposed that the heat transfer crisis at the q cr occurs due to the 
HSN in originally flooded cavities. 
4.3 CONCLUSIONS 
(1) The dynamic heat transfer processes including boiling incipience and 
transition to film boiling due to exponential heat inputs were measured on a 
horizontal cylinder in water for the exponential periods frotn 2 ms to 20 s, for 
the pressures from atlnospheric to 2063 kPa, and for the subcoolings from 0 to 
180 K for the cases without and with the pre-pressurization. 
(2) Direct transitions frotn non-boiling regune to fihn boiling in the pre-
pressurized water by the pressure of 5 I\1Pa for a while were clearly confirmed 
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not only for rapidly increasing heat inputs but also for quasi-steadily increasing 
ones at around atinospheric pressure. 
(3) Typical trend of critical heat fluxes with respect to the exponential periods is 
as follows: the critical heat flux gradually increases frotn the steady-state value, 
then decreases and again increases with a decrease in period from the longest 
one tested here not only for the pre-pressurized case but also non-pre-
pressurized one, though the trend was not observed cotnpletely for the short 
period range at high pressures for the non-pre-pressurized case . 
( 4) The critical heat fluxes for short periods for both cases which increase with a 
decrease in period from the tninimutn critical heat flux become almost in 
agreement with each other. The mechanism of the transition to film boiling 
regitne was considered to be a consequence of the heterogeneous spontaneous 
nucleation, HSN, in originally flooded cavities on the cylinder surface not only 
for the pre-pressurized case but also for the non-pre-pressurized case, though 
several nucleation frotn active cavities coexist with the HSN for the latter case. 
( 5) Typical trend of q cr with respect to the period for the high subcoolings such 
as 60 K and 80 K at pressures higher than 400 kPa is independent of the pressure 
and ahnost same each other for both cases. The q cr values for short periods 
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CHAPTERS 
EFFECT OF SURFACE CONDITIONS 
ON TRANSIENT CRITICAL HEAT FLUX 
5.1 INTRODUCTION 
In the previous Chapters 3 and 4, steady-state and transient CHFs on a 
1.2 mm diameter horizontal cylinder with cotntnercial surface in water were 
obtained for exponential heat inputs for subcoolings from 0 to 80 K at pressures 
from atmospheric one up to 2063 kPa. The effects of exponential period, 
subcooling and pressure on the steady-state and transient critical heat fluxes 
were clarified. 
The typical trend of CHF s versus exponential periods was such that the 
CHFs gradually increased from the steady-state CHF with a decrease in the 
period up to a tnaximum CHF value, decreased down to a minimutn CHF value 
and again increased. This trend tneans that there exists two different mechanics 
of the CHF for long periods and short periods. It was considered that the former 
one for long periods would be due to the time lag of the hydrodynamic 
instability (HI) which starts at the steady-state critical heat flux in fully 
developed nucleate boiling (FDNB), and the latter one would be due to the 
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heterogeneous spontaneous nucleation (HSN) in flooded cavities which coexists 
with vapor bubbles growing up frotn active cavities in the liquids. The 
correlations for steady-state and transient critical heat fluxes were presented for 
wide ranges of pressures and subcoolings. 
The purpose of this chapter is to investigate the effect of the surface 
conditions of the test cylinders, such as the tnirror and the rough ones, on the 
transient critical heat fluxes caused by the exponentially increasing heat input. 
5.2 EXPERIMENTS 
5.2.1 Test Heaters 
The platinu1n horizontal cylinders with commercial, rough and mirror 
surfaces (CS, RS and MS) of 1.2 n11n in dia1n. and 90 1nm in length were used as 
test heaters to measure steady and transient boiling phenomena. The rough 
surface was finished using Emery-3. The mirror surface was finished using 
alumina suspension with the average particle size of 0.3 !-till finally. The three 
kinds of platintun cylinder surfaces with cotnmercial, rough and 1nirror 
conditions were photographically exatnined using the Scanning Electron 
Microscope (SEM) with the JEOL Electron Probe Micro-analyzer. 
The Photos.!, 2 and 3 show the surface conditions with comtnercial, 
rough and 1nirror stu-faces obtained by a magnification of 1000 (1 1nm = 1 !-!In in 
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Photos.). As shown in the Photo .1 for the CS, 1nany grooves and scratches with 
about 1 !-tiD or less in width on the surface were observed. Photograph 2 for the 
RS shows grooves with complicated structure of about 10 !1-m or less in width. 
Photograph 3 for the MS shows the grooves and scratches shorter than 0.5 !-!In in 
width and the micro-pits with average diameters of about 1 !-till. 
5.2.2 Experimental Conditions 
The dynamic heat transfer processes including boiling incipience and 
transition to film boiling in water due to exponential heat inputs Qo exp(t / r) 
were 1neasured on the test heaters with different surface finishes above 
mentioned. Exponential period, r, was ranged from 2 ms to 20 s. System 
pressure and liquid subcooling were ranged from 101.3 kPa to 2063 kPa and 
frotn 0 to 180 K. 
The experiinents for the case with pre-pressurization at a high pressure 
of around 5 MPa for a titne period of about 3 minutes before each experimental 
run were also carried out for the same experimental conditions. By the pre-
pressurization, the initial boiling caused by an increasing heat input occurs due 
to the heterogeneous spontaneous nucleation in originally flooded cavities 
taking place of that due to active cavities entraining vapor. This is because the 
boiling initiation from the active cavities is eliminated by the appropriate pre-
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pressurization as tnentioned in Chapter 3. The steady-state critical heat fluxes 
for wide ranges of subcoolings and pressures up to 180 K and 2063 kPa were 
also tneasured for the cy Iinder surfaces. 
5.3 EXPERIMENTAL RESULTS AND DISCUSSION 
5.3.1 Effect of Surface Conditions on CHFs at Saturated Pressures 
The CHFs versus exponential periods for the test cylinders with mirror 
surface (MS) and rough surface (RS) under the same experitnental conditions as 
those for the cylinder with commercial surface (CS) were obtained for the cases 
without and with pre-pressurization (Case 1 and Case 2). The typical results for 
the cylinders with CS, MS and RS in saturated water under the same 
experitnental conditions are shown in Figures 5-l, 5-2 and 5-3. The CHFs for 
the subcooling of 60 K at the pressure of 690 kPa are also shown in these figures 
as typical subcooled results for comparison. The trends of CHF versus period for 
the cylinders with MS and RS under saturated and subcooled conditions are 
clearly cla sified into three groups as shown in Figures 5-2 and 5-3. The CHFs 
belonging to the first group at the saturated pressures of 101.3, 199 and 690 kPa 
on the cylinders with CS and RS were well expressed by Eq.( 4-1) that represents 
the CHF due to the hydrodynatnic instability(HI) as shown in Figures 5-1 and 5-
3. It was confinned that CHFs at pressures up to about 2 MPa were expressed by 
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Eq.(4-1). Though CHFs for the cylinder with MS at the pressures of 101.3 and 
199 kPa were also expressed by Eq.( 4-1 ), those at the pressures higher than 494 
kPa were expressed by Eq.( 4-6) and the curves for the pressures ahnost agreed 
with each other. As mentioned before, the Eq.( 4-6) represents the CHFs due to 
the heterogeneous spontaneous nucleation (HSN). This tneans that the 
transitions to film boiling occur due to HSN on the cylinder with MS at the 
steady-state and transient CHFs belonging to the three groups for wide ranges of 
pressure and subcooling. The CHFs for the subcooling of 60 Kat the pressure of 
690 kPa for the cylinders shown in the figures were expressed by Eq.( 4-6). 
Though the curves of CHFs versus periods for the cylinders with CS and RS 
ahnost agreed with each other as shown in Figures 5-1 and 5-3, the curve for the 
MS cylinder existed parallel to the curves for CS and RS cylinders at lower side 
as shown in Fig. 5-2. The tnirror surface condition substantially affects steady-
state and transient CHFs belonging to the first group. It was confirmed that the 
surface superheat at each steady-state CHF agreed with the corresponding HSN 
surface superheat measured with the pre-pressurization before the run. 
On the other hand, the CHFs belonging to the second group were clearly 
observed on the cylinder with MS for the period down to 2 ms at the saturated 
pressures of 101.3 to 690 kPa even for the case without pre-pressurization as 
seen in Fig. 5-2. The CHFs belonging to the second group could not be observed 
on the cylinder with CS. The minitnutn CHFs for the period of around 10 ms for 
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the L1Tmb of 0 and 60 K at the pressure of 690 kPa were about 70 % and 40 o/o 
of the corresponding steady-state CHFs respectively even for the Case 1. 
Typical heat transfer processes on the cylinders with CS and MS are 
shown for the saturated condition at pressure of 690 kPa in Fig. 5-4, and those 
on the cylinders with CS, MS and RS for the subcooling of 60 K at pressure of 
690 kPa are shown in Fig. 5-5. As seen from these figures, the heat transfer 
processes for the period of 5 ms on the cylinder with MS have the CHFs 
belonging to the second group that are far lower than the corresponding steady-
state CHFs. The CHFs for the period of 5 ms at the pressure of 690 kPa under 
the subcoolings of 0 and 60 K on the cylinders with CS and MS are significantly 
different each other as can be seen from the heat transfer processes up to the 
each CHF shown in Figs. 5-4 and 5-5. Direct transition occurred on the cylinder 
with MS, and setni-direct transition occurred on the cylinder with CS. 
The CHF s on the cy Iinder with RS at the saturated pressures of 1 0 1. 3 
and 199 kPa, and for the subcooling of 60 K at the pressure of 690 kPa are 
shown for the Cases 1 and 2 in Fig. 5-3. The trend of the CHF belonging to the 
first group versus period is ahnost sitnilar to that for the cylinder with CS shown 
in Fig. 5-1. As shown in Fig. 5-5, the heat transfer processes up to the CHF for 
the period of 20 s and 50 ms on the cylinders with CS and RS ahnost agreed 
with each other at around each CHF. On the other hand, the CHFs for the shorter 
period of 5 ms belonging to the second group were clearly observed for the RS 
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cylinder and were sitnilar to those obtained by the cylinder with MS as is seen in 
Figs. 5-3 and 5-5 . It should be noted that the trend of CHFs on the cylinder with 
RS belonging to the first group with respect to the period is similar to that for 
the cylinder with the CS, and that belonging to the second group is sitnilar to 
that for the cylinder with the MS. It see1ns from the surface condition of RS 
shown in Photo. 2 that the surface finish with Etnery 3 paper merely gives large 
grooves but may not be effective to supply active cavities with larger radii . 
Moreover, some of the small cavities might have been retnoved by the treatment. 
5.3.2 Effect of Surface Conditions on CHFs for Subcoolings at a High 
Pressure 
The CHFs on the cylinders with MS and RS were measured for the 
Cases 1 and 2 at the pressure of 1082 kPa for the subcoolings of 20, 40, 60 and 
80 K. The CHFs were compared with those for the cylinder with CS. The results 
for the cylinders with CS, MS and RS are shown in Figs. 5-6, 5-7 and 5-8 
respectively. The trend of CHFs with respect to periods belonging to the first 
group on the cylinders with CS and RS are almost satne each other. Those for 
the subcooling of 20 K and 40 K are well expressed by the Eq.( 4-1 ), and those 
for the subcoolings of 60 K and 80 K are well expressed by Eq.( 4-6). On the 
other hand, the CHFs on the cylinder with MS for periods belonging to the first 
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group for the subcoolings from 20 to 60 K are expressed by Eq.( 4-6) and each 
steady-state CHF is lower than the corresponding CHFs for the CS and RS 
cylinders. 
On the other hand, the CHFs belonging to the second group clearly exist 
for the cylinders with MS and RS for both Cases 1 and 2. The CHFs for the 
satne period for the Cases 1 and 2 for each cylinder almost agree with each other. 
The direct and setni-direct transitions from conduction regime without and with 
several vapor bubbles occur at the CHFs. On the contrary, as is seen in Fig. 5-6, 
the CHFs for short periods belonging to the second group are not observed for 
the cylinder with CS under the same experimental conditions. 
It should be noted that the CHFs for the period of 10 ms under the 
subcooling of 80 K are about 30 o/o of the corresponding steady-state CHF for 
the cylinder with MS, and about 40 o/o of the corresponding steady-state CHF for 
the cylinder with RS even for the case without pre-pressurization. The direct 
transition from the transient conduction regitne to film boiling occurs at the CHF 
on the cylinders with MS and RS for the period of around 5 ms at the pressure of 
1082 kPa. 
5.3.3 Effect of Surface Conditions on CHFs for a High Subcooling at 
Various Pressures 
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The CHFs for the subcoolings of 60 K for the cylinders with CS, RS and 
MS are shown versus the periods in Figs. 5-9, 5-10 and 5-11. The CHFs for the 
long periods belonging to the first group for the Cases 1 and 2 are independent 
of the pressure and are expressed by the Eq.( 4-6) . This fact was already 
explained for the cylinder with CS by assuming that the transition to film boiling 
at the steady-state CHFs occurs due to the explosive-like HSN in FDNB at the 
lower limit of HSN surface superheat in FDNB regitne. Though the CHFs for 
shorter periods belonging to the second group for the cylinder with CS were 
observed only for the Case 2, those for the Case 1 were not observed for the 
periods tested here as shown in Fig. 5-9. 
On the other hand, the trend of the CHFs with respect to long periods 
belonging to the first group for the cylinder with RS was ahnost the satne as that 
for the cylinder with CS. However, the CHFs for short periods belonging to the 
second group were clearly observed not only for the Case 2 but also for the Case 
1 as is seen in Fig. 5-10. The tninimutn CHFs for the period of around 10 ms 
becotne significantly lower than the corresponding steady-state CHFs even for 
the Case 1. The minimum values at 690 kPa are about 3 5 % of the 
corresponding steady-state CHFs. The trend of CHFs with respect to the periods 
belonging to the second group was well expressed by the theoretical conduction 
line given by Eq.( 4-2) and ( 4-3) as hm =he on the log-log graph as shown in 
Fig. 5-10. 
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The curve of CHFs belonging to the first group versus periods for the 
cylinder with MS at various pressures exists downward and parallel to the 
curves for the RS and MS cylinders, though the curves for the cylinder with CS 
and RS almost agree with each other as is seen in Fig. 5-11. This means that the 
steady-state CHFs for the cylinder with MS for the subcooling of 60 K depend 
on the surface conditions, because the CHFs are not due to the hydrodynamic 
instability (HI) but due to the HSN mentioned before. It was confirtned that the 
surface superheat at each CHF almost agrees with the measured lower litnit of 
the HSN surface superheat. 
The CHFs for short period belonging to the second group clearly exist 
for the Cases 1 and 2 on MS cylinder as is seen in Fig. 5-11. The CHFs for short 
periods belonging to the second group for the Cases 1 and 2 ahnost agree with 
each other, and those for the periods at the pressures were approximately 
expressed independently of the pressures by the single curve. The tninimutn 
CHFs for period of 10 ms at the pressure of 690 kPa for the Case 1 were about 
37 % of the corresponding steady-state CHF. It should be noted that the CHFs 
for the short periods for Case 1 and Case 2 agreed with each other. This fact 
leads that the initial boiling occurs due to the HSN even for the Case 1. 
5.4 CONCLUSIONS 
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The CHFs caused by exponentially increasing heat inputs were measured 
on the horizontal cylinders with 1nirror surface (MS) and rough strrface (RS) in 
water for the cases without and with the pre-pressure of 5MPa (Case 1 and Case 
2). They were cotnpared with those obtained for the horizontal cylinder with 
comtnercial surface (CS) under the sa1ne condition to clarify the effect of 
surface conditions on the CHFs. Experitnental results lead to the following 
conclusions. 
(1) The trend of the CHFs with respect to periods is generally as follows: the 
CHF first increases with a decrease in period from steady-state CHF up to a 
maxitnum CHF, then it decreases down to a minitnum CHF and again increases 
with a decrease in period. Namely, the CHFs versus periods were separated into 
the first, second and third groups on CHF for longer, shorter and intermediate 
periods. 
(2) The trends of CHFs with respect to periods belonging to the first group on 
the cylinders with RS are expressed well by Eq.( 4-1) and ( 4-6) at lower and 
higher subcoolings, respectively. They agreed with those obtained for the 
cylinder with cotnmercial strrface (CS). On the contrary, the trend of CHFs 
versus the periods belonging to the first group on the cylinder with MS at 
saturated pressures higher than around 400 kPa are expressed by Eq. ( 4-6) 
97 
because the CHFs are determined by the HSN for the cylinder with MS at the 
pressures. The mirror surface condition gives the significant effect on CHFs 
under saturated and subcooled conditions. 
(3) The CHFs for the intermediate periods belonging to third group considerably 
depend on the surface conditions such as CS, RS and MS. The period range for 
the third group for the cylinders with MS and RS beco1nes narrow in 
comparison with that for the cylinder with CS. As a result, the period range of 
second group beco1nes wide in the range of the periods tested here. 
(4) The second group of CHFs for short periods could not be observed for the 
cylinder with CS except so1ne cases for the periods from 20 s down to 2 ms 
tested here. They were observed only for the case with pre-pressurization 
(Case2). However, they were clearly observed on the cylinders with RS and MS 
for both cases. The curves for the surface conditions of RS and MS agree with 
each other on the graph of q cr versus period. They are expressed well by Eq. ( 4-
2). However, the periods for the minimu1n CHF in the second group are 
considerably affected by the surface conditions. 
(5) It should be noted that the Ininimutn CHF for the period of about 10 Ins for 
the subcooling of 40 K at the pressure of 1082 kPa for the cylinders with RS and 
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MS are about 30 °/o and 35 o/o of the corresponding steady-state CHFs 
respectively. 
More study on the effect of cylinder surface conditions on the CHFs for 
short periods belonging to the second group which are determined by the 
corresponding HSN surface superheats is especially necessary not only for the 
acadetnic interests but also for the safety assessment of nuclear reactor for 




Photo. 1 Commercial surface(CS). Photo. 2 Rough surface(RS). 
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Photo. 3 :Niirror surface(MS). 
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Fig. 5-l Therelationbetween qcr and r atpressuresofl01.3, 199 
and 690 kPa for the cases without and with pre-pressurization for the 
commercial surface. 
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Fig. 5-2 The relation between q cr and r at pressures of 101.3, 199, 
494 and 690 kPa for the cases without and with pre-pressurization for the 
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Fig. 5-3 The relation between qcr and r at pressures of 10 1.3, 199 
and 690 kPa for the cases without and with pre-pressurization for the 
cylinder with RS. 
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Fig. 5-4 Typical heat transfer processes for various surface 
conditions without pre-pressurization for exponential periods of 20 s, 50 
Ins and 5 ms in saturated water at a pressure of 690 kPa. 
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Fig. 5-5 Typical heat transfer processes for vanous surface 
conditions without pre-pressurization for exponential periods of 20 s, 50 
ms and 5 ms at a pressure of 690 kPa for subcooling of 60 K . 
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The relation between qcr and r for various subcoolings at 
a pressure of I 082 kPa for the cases without and with pre-pressurization 
for the cylinder with CS. 
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Fig. 5-7 The relation between qcr and r for various subcoolings at 
a pressure of 1082 kPa for the cases without and with pre-pressurization 
for the cylinder with MS. 
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Fig. 5-8 The relation between qcr and r for various subcoolings at 
a pressure of 1082 kPa for the cases without and with pre-pressurization 
for the cylinder with RS. 
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Fig. 5-9 The relation between q cr and r for subcooling of 60 K at 
various pressures for the cases without and with pre-pressurization for the 
cylinder with CS. 
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Fig.5-10 The relation between qcr and r for subcooling of 60 K at 
various pressures for the cases without and with pre-pressurization for the 
cylinder with RS. 
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Fig. 5-11 The relation between qcr and r for subcooling of 60 K at 
various pressures for the cases without and with pre-pressurization for the 
cylinder with MS. 
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CHAPTER6 
TRANSIENT HEAT TRANSFER PROCESSES DURING A 
RAPID SYSTEM PRESSURE REDUCTION 
6.1 INTRODUCTION 
The setni-scale Mod-1 test demonstrated the overheating of fuel rods 
initially cooled by forced convection in the early stage of pressure reduction 
(Crapo et al., 1975). Henry and Leung (1977) presented a tnodel to predict the 
regions of fuel rods which tnay experience litnited efficient cooling during the 
pressure reduction. The model predicted that the regions which were cooled only 
by single-phase forced convection during steady-state .conditions would be 
unable to activate the remaining preferred sites until the surface had increased in 
tetnperature to a level which satisfied the criteria for stable film boiling. 
On the other hand, Sakurai et al. (1980) carried out the experimental 
study on transient boiling heat transfer from single horizontal cylinders in a pool 
of water caused by rapid depressurizations from several pressures for initial 
constant heat inputs: the initial heat transfer regitnes corresponding to the initial 
constant heat inputs were natural convection and partial nucleate boiling. They 
clearly observed that the initial non-boiling state on ~he test heater was switched 
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over to a fihn boiling state corresponding to the initial heat flux after the rapid 
depressurization, and that the critical heat fluxes for these processes were 
considerably lower than the steady-state critical heat fluxes at the corresponding 
pressures. It is obvious that the mechanistn of the transition is different frotn that 
of the usual one at the critical nucleate boiling ·heat flux due to the 
hydrodynatnic instability, as pointed out by Kutateladze (1959), and Zuber 
(1959). However, the mechanistn for the transition frotn initial non-boiling to 
fihn boiling was not clarified. 
There are two main purposes tn this chapter. First is to exa1n1ne 
experimentally the effects of initial pressure, pressure-reduction rate, initial heat 
transfer regitnes such as natural convection or nucleate boiling, and cylinder 
diatneter, on the transition mechanism to film boiling. The second purpose is to 
discuss the mechanism for the transition frotn steady-state heat transfer at low 
initial heat fluxes to film boiling after rapid depressurization. 
6.2 APPARATUS AND METHOD 
The schetnatic diagratn of the experimental apparatus is shown in Fig. 6-
1. The boiling vessel is a cylindrical stainless-steel container of 20 em in inner 
diameter and 60 em height with two sight ports . The vessel has a pressure 
release line of 5 em inner diatneter from its upper lid to the atmosphere through 
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a n1pture disc device. The device has a gaff with a spring for breaking the disc 
intentionally. A test heater is horizontally supported in the vessel. 
Single cylinder test heaters of 1.2 and 3 tnm-diameter platinum wires 
were used. The effective length of the heaters between the potential taps, on 
which heat transfer was measured, were 42 tntn for the 1.2 mm-diameter heater 
and 49 1n1n for the 3.0 tntn-diameter one. Each heater was annealed and its 
electrical resistance versus temperature relation was calibrated in water and 
glycerin baths, before using it in the experiinents. 
The test heater was heated by an electrical current frotn a power 
amplifier. The heating and measurement systetns are the saine as those explained 
in Chapter 2. It is possible to realize a constant heat generation rate throughout a 
pressure transient, in spite of the rapid variation in the electrical resistance of the 
heater, due to its tetnperature variation. The static pressure was set before each 
experitnental run by using an electro-manometer systetn whose accuracy is 
within + 0. 7 kPa. The system pressure was measured by a quartz pressure 
transducer during the transient. 
The vessel was filled with distilled and deionized water. The vessel was 
degassed before each experitnental run. The systein pressure in the vessel was 
raised to a desired initial level by introducing pressurized helium gas from a 
cylinder. Helium gas was used because of its low solubility in liquids. The test 
heater was initially either in non-boiling (natural convection heat transfer) state 
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or in low heat flux nucleate boiling state in subcooled water, for a heat input 
which was kept constant throughout each experimental run. The systetn pressure 
in the vessel was rapidly reduced by intentionally breaking the rupture disc with 
the gaff. The trigger signal to release the gaff was also used to start the transient 
heat transfer tneasuretnent. 
6.3 EXPERIMENTS 
6.3.1 Pressure Transient 
The pressure transient experiments were perfonned with 1.2 and 3. 0 
min-diameter horizontal cylindrical test heaters. Initial pressures were 1.08 and 
1.57 MPa, for initial heat fluxes ranging from 0.2 to 0.8 MW/m 2 (from 
natural convection to low heat flux nucleate boiling) and a water temperature of 
3 73 K. After the disc rupture, the system pressure decreased exponentially in 
time, P* = Pu: exp (- tjr P ), where P* and Pu: are the system pressure and 
the initial pressure in gauge and r P is the pressure-reduction period. The period 




The steady-state boiling curves and critical heat fluxes were tneasured at 
several pressures corresponding to the measured instantaneous pressures during 
the pressure transient on the satne test heaters for the liquid tetnperature of 3 73 
K, for cotnparison. Before the steady-state n1n, the pressure was raised once to 
the initial value of the pressure transient and held at that level for one tninute. 
Fully developed nucleate boiling (FDNB) curve at each pressure was obtained 
by first increasing the heat flux quasi-steadily up to that slightly lower than the 
critical heat flux and then decreasing it. 
6.3.3 Power Transient 
Transient boiling experiments for the exponentially increasing heat 
inputs for periods ranging from 5 ms to 10 s, were also performed at several 
pressures ranging between the initial one of the pressure transient and 
atmospheric, with pre-pressurization at the value of the initial pressure for a time 
period of about one minutes before each experimental run. 
A curve describing the relation between the temperature overshoot, 
LiTo,,er , and the heat fluxes at the overshoot points, q ol'er, for exponential periods 
ranging frotn short one to long one (this is called the hypothetical nucleate 
boiling curve in this work) was obtained for each fixed pressure below the initial 
pressure. 
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The high pre-pressurization and high subcooling before each run act to 
flood, with liquid, those cavities on the solid surface which have mouth radii 
greater than a certain value as mentioned in Chapter 3. It is assutned that the 
temperature overshoot for the increasing heat input would correspond to the 
surface superheat required for the start of explosive-like boiling by the 
heterogeneous spontaneous nucleation (HSN) from the originally flooded 
cavities on the surface, and that the hypothetical nucleate boiling curve would be 
the one governed by the HSN frotn originally flooded cavities. The hypothetical 
nucleate boiling curve at a fixed pressure can be detennined as an envelope of 
the HSN litnits of the heater surface superheats for the transient boiling curves 
for the increasing heat inputs for convenience. Figure 6-2 shows as a typical the 
method to detennine the hypothetical nucleate boiling curve for the syste1n 
pressure of 493 kPa. The curve AB in the figure, which exists at the higher 
superheat side of the steady-state nucleate boiling curve, is the hypothetical 
nucleate boiling curve. 
The mechanism of the transient heat transfer during the pressure 
reduction will be considered by comparing the results of transient heat transfer 
with the hypothetical nucleate boiling curve based on the HSN at each pressure. 
6.4 RESULTS AND DISCUSSION 
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The transient heat transfer caused by rapid depressurization depends on at the minitnutn value for about 24 Ins, and gradually increases toward the final 
many parameters such as the initial pressure, the pressure-reduction rate, the steady-state value (q == q in) of fihn boiling. The stnface tetnperature first 
initial heat flux and the cylinder diameter. The effect of each of these parameters decreases slightly and then continues to increase, toward a stable fihn boiling 
on transient heat transfer was investigated by fixing the other paratneters. Based point corresponding to the initial heat flux. In the case that the stable point 
on these results, a tnechanism of the transition from initial natural convection to corresponding to q == q in in film boiling is near the 1nelting point for platinutn, 
film boiling is proposed. the heating current was shut off when the surface temperature reached a preset 
critical value. 
6.4.1 Typical Data of Transition from Initial Non-boiling State to Film The relation between the transient heat flux, q, and the instantaneous 
Boiling 
surface superheat, LJTsa(, for the same run, is shown in Fig. 6-4. The naked 
number and nutnber in parenthesis beside each point on the curve are the 
Typical titne traces of the system pressure P , the heater surface pressure and subcooling at that point in I\!1Pa and K, respectively. Point A is the 
te1nperature I:1, and the heat flux q during the transient caused by a rapid 
starting point of the pressure transient. The natural convection heat transfer can 
depressurization fro1n initial natural convection, are shown in Fig. 6-3. The test be described by the general correlation of natural convection heat transfer for 
heater of 1.2 Illlll-diameter was initially in single-phase natural convection, at a different cylinders in various liquids given by Takeuchi et al. (1995). The heater 
constant heat flux of 0.38 M W / m2 , in a water pool at 373 K and 1.08 I\!1Pa. surface superheat increases from point A along the natural convection heat 
The pressure-reduction period in this case is 2.2 IllS. The surface te1nperature transfer curve for a constant heat flux at each pressure and subcooling, to the 
and heat flux remain at their initial values until the initiation of boiling at point incipient boiling point B. The heater surface tetnperature is constant before the 
B, 3 IllS after the beginning of pressure reduction at point A. The heat flux inception of boiling and the increase in the surface superheat is due to the 
increases rapidly after the boiling inception to a Illaximum value at point C, that decrease in saturation temperature. Though the heater surface temperature 
is about 3 ti1nes larger than the initial value. Then, it rapidly decreases down to a slightly decreases after the initiation of boiling as shown in Fig. 6-3, the heater 
minitnutn value at point D, which is about one tenth of the initial value retnains 
' 
surface superheat continues to increase with an increase in heat flux, up to a 
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transient critical heat flux, q cr , at point C. At a given heat flux, the surface 
superheat in nucleate boiling at the instantaneous pressure is higher than that for 
the steady-state nucleate boiling curve at the same pressure. The transient 
critical heat flux is one third of the steady-state critical heat flux, q st, at the 
corresponding pressure. After point C, the heat flux decreases with an increase 
in surface superheat down to point D, and again increases along the steady-state 
fihn boiling curve. The region CD with a negative slope is the transition region 
dividing nucleate from film boiling. The transient film boiling heat transfer after 
point D is well described by the general correlation of steady-state fihn boiling 
heat transfer given by Sakurai et al. (1990). 
6.4.2 Effect of Initial Heat Flux 
Figures 6-5 and 6-6 show q versus ~Tsar plots of the transient heat 
transfer processes on a 1.2 tmn-diameter test heater for pressure-reduction 
periods around 2.0 1ns and 2.5 Ins and initial pressu~es of 1.57 :rvfPa and 1.08 
:rv1Pa, respectively. The initial steady states for heat fluxes frotn 0.3 to 0.5 
M W / m2 at 1.57 :rv1Pa shown in Fig. 6-5(a), and those for the heat fluxes frotn 
0.34 to 0.42 M W 11112 at 1.08 :rv1Pa shown in Fig. 6-6(a), are in the single-
pha e natural convection regime. For higher initial heat fluxes, as shown in Figs. 
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6-5(b) and 6-6(b ), the initial steady states are in partial nucleate boiling. The 
upper litnit of the heat flux which is in the initial natural convection regitne, is 
higher for higher initial pressure. As shown in Figs. 6-5 and 6-6, the transient 
heat transfer process is characterized by a constant heat flux value before the 
start of explosive nucleate boiling, even for an initial heat flux in the partial 
nucleate boiling regime. The pressure at the start of the explosive-like HSN 
boiling (where the heat flux begins to increase steeply) increases with an 
increase in the initial heat flux. The superheat for the pressure-reduction period 
around 2 ms is about 40 K for initial heat fluxes in the natural convection regitne 
and appears to decrease with an increase of the initial heat flux in the partial 
nucleate boiling regime. 
The pressure at the critical heat flux point becomes higher as the initial 
heat flux increases. The surface superheat at the critical heat flux point for a 
pressure-reduction period around 2 ms is about 60 K for initial natural 
convection conditions and appears to decrease with an increase in initial heat 
flux in the partial nucleate boiling regime. 
The ratio of transient critical heat fluxes to the steady-state critical heat 
fluxes at their corresponding pressures, q cr 1 q !il , for the values of q cr shown in 
Figs. 6-5 and 6-6 are shown versus the initial heat flux in Fig. 6-7. It can be seen 
from Fig. 6-7 that the ratios appear to decrease with an increase in initial heat 
flux, have a minimum value at the initial heat flux near the upper limit of that 
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for natural convection regime, and then increase with an increase in initial heat 
flux. All the transient processes shown in Figs. 6-5 and 6-6 in each of these 
figures tnade a transition to film boiling after the transient critical heat fluxes 
except for that with the lowest initial heat flux. For the lowest initial heat flux, 
the transient process 1noves to the transition boiling after the critical heat flux 
but return to stable nucleate boiling finally, because pressure reduction and 
resultant increase in surface superheat stops after reaching the atmospheric 
pressure. It seems that there is a sharp minimutn initial heat flux value below 
which the transient heat transfer process caused by the depressurization does not 
tnake a transition to fihn boiling but returns to nucleate boiling. 
Figures 6-8(a), 6-8(b) and 6-9(a), 6-9(b) show the alq 0· 7 versus P 
plots, for the transient heat transfer processes shown in Figs. 6-5(a), 6-5(b) and 
6-6(a), 6-6(b ), respectively. The number beside each point on the curve is the 
subcooling at that point in K. 
The values of alq 0· 7 derived from the steady-state FDNB curve and 
those from the hypothetical nucleate boiling curve for each fixed pressure are 
also shown with their existing range in these figures for comparison. If the 
steady-state FDNB curve and hypothetical nucleate boiling curve such as shown 
in Fig. 6-2 have the gradient of 3.3 on the log q vs. log L1I:.ar graph, these 
curves can be expre sed as two single values of a 1 q o. 7 . The fact that the value 
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of a I q 0· 7 has some existing range for a fixed pressure means that the gradient is 
somewhat different from 3.3. It can be seen from Figs . 6-8(a) and 6-9(a) that the 
transient heat transfer process from the initial single-phase natural convection 
caused by the pressure release with the period of around 2 ms is such that the 
value of a/ q0· 7 decreases with increases in surface superheat along the natural 
convection heat transfer curve down to the hypothetical nucleate boiling curve. 
The transient process departs from the natural convection heat transfer curve at 
the inception of explosive-like HSN boiling. After that, the heat transfer process 
follows the hypothetical nucleate boiling curve very closely, until it departs from 
the curve, at the transient critical heat-flux point. It then moves downwards to 
film boiling, for the initial heat fluxes higher than a certain value, or it moves 
upwards to a final steady-state FDNB regime, for initial heat fluxes lower than 
the value. 
As shown in Figs. 6-8(b) and 6-9(b ), the transient heat transfer processes 
from the initial partial nucleate boiling regime are such that the values of 
a 1 q o. 7 from the start of boiling to q cr are higher for the higher initial heat 
fluxes. As shown in Fig. 6-9(b ), the transient heat transfer processes, for initial 
heat fluxes slightly higher than the upper limit value for the single-phase natural 
convection, are characterized by slightly higher values of a/ q o. 7 before 
reaching · q cr , but they are almost in agreement with those for the processes from 
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initial natural convection. As shown in Fig. 6-8(b ), the transient heat transfer 
process, for the initial heat flux of 0.6 M WI 1n 2 approaches the steady FDNB 
after the start of explosive boiling. However, the transient critical heat flux is 
reached beforehand, and it begins to tnove downwards to film boiling. For the 
initial heat flux of 0.8 M WI 1n 2 the transient heat transfer process lies slightly 
beneath, but almost in agreement with the successive steady FDNB curves 
before reaching the transient critical heat flux. 
As tnentioned above, the transition frotn initial single-phase natural 
convection or partial nucleate boiling on the test heater to film boiling after the 
rapid depressurizations took place at considerably lower critical heat fluxes than 
the steady-state critical heat fluxes at the corresponding pressures, for a certain 
range of initial heat fluxes. It is obvious that the mechanism of the transition to 
fihn boiling at the transient critical heat flux is different frotn that of the usual 
transition at the critical nucleate boiling heat flux due to the hydrodynatnic 
instability (HI). 
In the initial non-boiling regtme of the pressure transient, active 
(originally unflooded) cavities, with mouth radii ranging from the largest one to 
a certain tnaller one on the surface, are flooded by the liquid because of high 
pre sure and high subcooling. It can be assumed that the rapid depressurization 
initiates the explo ive-like boiling by the HSN from originally flooded cavities, 
on th cylinder surface, at relatively high stu-face superheats. The reactivation of 
126 
originally flooded cavities with larger tnouth radii would progress little for high 
growth rate of the surface superheat. Then, the transient heat transfer processes 
and critical heat fluxes on the hypothetical nucleate boiling curve would be 
tnainly governed by the HSN and the critical heat flux would be lower than the 
usual critical heat flux based on hydrodynamic instability (HI) . The transient 
heat transfer curve for an initial heat flux of 0.8 M WI nt 2 shown in Fig. 6-7(b) 
lies slightly beneath the successive steady FDNB curves. In addition, the 
transient critical heat flux for the process is slightly smaller than the 
corresponding steady-sate critical heat flux as mentioned above . The transient 
process, though following closely the lower side of the nucleate boiling curve 
would be influenced by the HSN. 
6.4.3 Effect of Pressure-reduction Rate 
This section deals with the effect of pressure-reduction rate on the 
transient heat transfer frotn initial single-phase natural convection. Figures 6-10 
and 6-11 show the q versus L1Tsat plots of the transient heat transfer processes 
on 1.2 tnm-diameter test heater for the pressure reductions with various periods 
frotn the initial pressures of 1.57 MPa and 1.08 1\tfPa, respectively. In Fig. 6-10, 
the initial heat flux is fixed to be 0.5 M WI m 2 which is slightly lower than the 
upper litnit of that for single-phase natural convection regime and in Fig. 6-11, it 
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is fixed to be 0.39 M W /nt 2 . 
As shown in Figs . 6-10 and 6-11, for the shorter pressure-reduction 
period, boiling starts at a higher surface superheat and a lower syste1n pressure. 
In case of rapid transients such as those for r less than about 3 ms the p ' 
transient critical heat fluxes near the upper limit of the initial natural convection 
regi1ne reaches only up to about 30% or less of the steady-state critical heat 
fluxes, at the corresponding pressures, as mentioned above. The transient critical 
heat flux increases and the surface superheat at the critical heat flux decreases as 
the pressure-reduction period becotnes longer. For pressure-reduction periods 
shorter than 7 ms, the transient boiling processes on the 1.2 mm-diameter test 
heater move into film boiling. For longer periods such as ;r = 12 6 · F. 
, "P • ms In tg. 
6-10 and r P = 13.0 ms in Fig. 6-11, the thennal energy stored in the test heater 
before the transient is insufficient for the heat flux to reach the minimum heat 
flux of fihn boiling, or to reach the critical heat flux of nucleate boiling and the 
transient process finally returns to nucleate boiling. 
The ajq 0·7 versus p 1 t .c h · P o s tor t e transient heat transfer processes in 
Figs. 6-10 and 6-11 are shown in Figs. 6-12 and 6-13, respectively. The transient 
heat transfer process on this graph for a pressure-reduction period of 2 ms 
follows very clo ely the hypothetical nucleate boiling curve, after the inception 
of explosive boiling. It departs froin the curve at the transient critical heat flux 
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and tnoves downwards to film boiling as explained in the previous section. For 
longer pressure-reduction periods, reactivation of originally flooded cavities 
occurs in the tniddle of the pressure transient after the start of boiling. It can be 
seen fro1n Figs. 6-12 and 6-13 that, as the pressure-reduction period beco1nes 
longer, the transient boiling process moves beyond the hypothetical nucleate 
boiling curve and approaches the steady FDNB curve, after departing fro1n the 
natural convection curve at the inception of explosive boiling. For r P = 4.6 Ins 
in Fig. 6-12, the critical heat flux corresponds to a slightly higher value of 
ajq 0· 7 than that for the hypothetical nucleate boiling curve. The transient 
process moves downwards to film boiling. The transient critical heat flux in this 
case is about 60% of the steady-state critical heat flux at the corresponding 
pressure as seen from Fig. 6-10. It is assumed that the critical heat fluxes of the 
heat transfer processes lying between the hypothetical nucleate boiling curve 
and steady FDNB curve would occur due to the HSN in originally flooded 
cavities on the solid surface in the insufficiently developed nucleate boiling at 
the surface superheat of around the lower limit HSN temperature. The critical 
heat fluxes of the heat transfer processes in this region becotne lower with an 
increase in surface superheat increasing rate (i.e. with a decrease in the pressure-
reduction period), just similar to those of the third group in the power transient 
tnentioned in Chapter 4. For r P = 12.6 ms in Fig. 6-12, the transient heat 
transfer process tnoves beyond the hypothetical nucleate boiling curve and then 
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approaches the final nucleate boiling under attnospheric pressure without 
reaching the transient critical heat flux. For rP = 13.0 ms in Fig. 6-13, the 
transient heat transfer process reaches the hypothetical nucleate boiling curve at 
a pressure above the attnospheric and then moves to final steady-state nucleate 
boiling. 
6.4.4 Effect of Cylinder Diameter 
Transient heat transfer processes caused by depressurization plotted on 
a/ q o. 7 versus P graph shown above after the start of explosive boiling can be 
roughly classified into the following cases. 
Case 1 · Transient process departs from the natural convection heat 
transfer curve and tnoves along the hypothetical nucleate boiling curve until it 
reaches the transient critical heat flux point. Then, it moves down to fihn boiling. 
The transient critical heat flux value in this case is far lower than the steady-state 
critical heat flux at the corresponding pressure. 
Case 2 · The process approaches and reaches the steady FDNB curve 
after the start of explosive boiling. Then, it follows the curve as pressure 
decrea e and makes a transition to film boiling at the critical heat flux ahnost 
' 
agreeing with the teady-state critical heat flux. A transition region connecting 
Case 1 to Ca 2 al o exists. This transition exists if the transient heat transfer at 
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the critical heat flux occurs during the process approaching the steady FDNB 
curve and the critical heat flux value is lower than the steady-state critical heat 
flux. This is called the Case 2'. 
Case 3 · Transient heat transfer process does not tnake a transition to film 
boiling at all but returns to the steady-state nucleate boiling or natural 
convection after the pressure reduction. 
Figures 6-14 and 6-15 show the mapping of these cases for the data 
obtained on 1.2 and 3.0 tnm-diatneter cylinders, respectively, on the qi, versus 
r P plane. It can be seen from these figures that a transition to fihn boiling 
occurs for the initial heat fluxes higher than a certain minimum value and for the 
pressure reduction periods shorter than a certain maxitnum value. The lower 
litnit for the initial heat flux is lower for a 3.0 tnm-diameter cylinder; it is about 
0.3 M W j1n 2 for the 3.0 mm-diatneter cylinder and about 0.36 M W /nt 2 for 
the 1.2 min-diameter one. This is because the natural convection heat transfer is 
small and as a result the necessary heat flux for the same surface temperature is 
correspondingly lower for the larger diameter cylinder. The maxitnum pressure-
reduction period appears to be longer for 3. 0 mm-diameter cylinders; it is about 
14 ms for 3.0 rnm-diameter cylinder and 8 ms for 1.2 mm-diameter one. 
Figure 6-16 shows the q versus L1Tsar plots of the transient heat 
transfer processes on a 3. 0 tnm-diameter cylinder for various pressure-reduction 
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periods, from an initial pressure of 1.08 J\1Pa and at a fixed initial heat flux of 
0.3 M W jm2 . Fig. 6-17 shows the ajq 0·7 versus P plots for the transients. 
By comparing the transient heat transfer process for the period of 14.1 ms on 3 
tnm-diameter cylinder in Fig. 6-16 with that for the period of 13 ms on 1.2 rom-
diameter cylinder in Fig. 6-11, it can be seen that the transient heat transfer for 
relatively long period is very much affected by the heat capacity of the cylinder 
after the inception of boiling. The transient process for the thicker cylinder 
successively follows the hypothetical nucleate boiling curve for each pressure 
and reaches the transient critical heat flux, which is seen frotn Fig. 6-16 to be 
about 23% of the steady-state critical heat flux. On the contrary, the transient 
process for the thinner cylinder approaches the steady FDNB curve and cannot 
reach the transient critical heat flux which is expected to be almost in agreetnent 
with the steady-state critical heat flux that is much larger than that for the 
transient process following the hypothetical nucleate boiling curve. 
It can be assumed that the reactivation of originally flooded cavities after 
boiling inception will have less effect on the growth rate of the surface superheat 
on a larger dian1eter cylinder. As a result, the growth rate will be higher for 
thicker cylinders for the sa1ne pressure-reduction period. Therefore, the transient 
process on a large diameter cylinder corresponds to a more rapid pressure 
transient on a thin one. That is why the fanner one follows the hypothetical 
nucleate boiling curve and has a lower critical heat flux. 
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It should be noted that it is easier for a heated rod with larger heat 
capacity to make a transition to fihn boiling upon depressurization from an 
initial non-boiling state. 
6.5 CONCLUSIONS 
Transient boiling phenotnena on single horizontal cylinders of 1.2 and 
3.0 mm-diameter initially steady state natural convection or partial nucleate 
boiling in a pool of water, were investigated. The transient boiling was caused 
by rapid depressurization from initial pressures of 1.08 and 1.57 MPa. The initial 
heat fluxes ranged from 0.2 to 0.8 M W /m 2 . The pressure-reduction periods 
ranged frotn 0.8 to 25 ms, and the water te1nperature was 373 K. The 
experimental results lead to the following conclusions: 
(1) The surface superheat for the start of explosive boiling is as high as 42 K for 
rapid depressurization from initial natural convection with the period of 2.2 ms, 
and it beco1nes smaller with an increase in pressure-reduction period and with an 
increase in initial heat flux in partial nucleate boiling regime. 
(2) The transition fro1n natural convection or partial nucleate boiling to film 
boiling through nucleate boiling is due to the rapidly increasing surface 
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superheat caused by the rapid depressurization. The observed q cr is very much 
lower than the steady-state qcr at the corresponding pressures. 
(3) Transient boiling heat transfer processes caused by depressurization can be 
roughly classified into the following cases on the ajq 0· 7 vs. P graphs. 
Case 1: 
Transient process departs frotn the natural convection heat transfer curve 
and moves along the hypothetical nucleate boiling curve until it reaches the 
transient critical heat flux point, where it departs from the curve to fihn boiling. 
Case 2· 
The process approaches the steady FDNB boiling curve after the start of 
explosive boiling and follows the curve with the decrease in the pressure and 
departs from the curve to film boiling at the critical heat flux. 
Case 2'· 
Transition region from Case 1 to Case 2. 
Case 3· 
Transient heat transfer process does not finally make a transition to film 
boiling. It returns to the steady-state nucleate boiling or natural convection after 
the pressure reduction. 
Ca e 1 is observed for initial heat fluxes ranging from a certain lower 
litnit to an upper limit in the natural convectt'on . regune, and for pressure-
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reduction periods shorter than a certain maximutn value. In the partial nucleate 
boiling regime when the initial heat flux increases, or when pressure-reduction 
period increases, the transient boiling process changes to Case 2 thTough Case 2' . 
Case 3 occurs for initial heat flux values less than the lower litnit tnentioned 
above and for pressure-reduction period longer than a certain maxi1nu1n value. 
Mapping of the experitnental data shows these cases. 
( 4) It was found that a heated rod with larger heat capacity (down to lower initial 
heat flux and longer pressure-reduction period) will tnake a transition to film 
boiling tnore easily upon depressurization. 
( 5) The ratio of the transient critical heat flux to the steady-state critical heat flux 
at the corresponding pressure in Case 1 and Case 2 (2 ') transients, for a fixed 
pressure-reduction period around 3 Ins, decreases as initial heat fluxes increase, 
goes through a minimum value of about 30 % at the initial heat flux value near 
the upper heat flux value for natural convection and then increases with an 
increase of initial heat flux. The ratio for a fixed initial heat flux increases with 
increasing pressure-reduction period. 
( 6) Transient film boiling heat transfer due to depressurization, after the 
minimum heat flux, agrees well with the steady-state film boiling curve, for a 
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Effect of initial heat flux in natural convection regime on 
transient boiling processes for the pressure reduction from the initial 
pressure of 1.57}viPa. 
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Fig. 6-5(b) Effect of initial heat flux in nucleate boiling regime on 
transient boiling processes for the pressure reduction from the initial 
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Fig. 6-6(b) Effect of initial heat flux in nucleate boiling regime on 
transient boiling proc fl h esses or t e pressure reduction from the initial 
pressure of 1.08lv1Pa. 
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Fig. 6-8(b) Effect of initial heat flux in nucleate boiling regime on 
transient boiling heat transfer for pressure reduction from the initial 
pressure of 1.57MPa. 
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Fig. 6-9(a) Effect of initial heat flux in natural convection regime on 
transient boiling heat transfer for pressure reduction from the initial 
pressure of 1.081v1Pa. 
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Fig. 6-9(b) Effect of initial heat flux in nucleate boiling regime on 
transient boiling heat transfer for pressure reduction from the initial 
pressure of 1.08J\1Pa. 
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Fig. 6-13 Effect of pressure reduction period on transient boiling heat 
transfer from initial natural convection for the initial pressure of 1. 08:N!Pa. 
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Transient boiling processes on q versus Lil:ar with 
various pressure reduction periods from the initial pressure of 1.0811Pa for 
3 .Omm-diameter test heater. 
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A senes of studies in this thesis have been perfonned to obtain 
systetnatically the database for the critical heat fluxes in transient boiling caused 
by exponentially increasing heat inputs and by a rapid reduction of syste1n 
pressure, and to clarify the mechanistns of the critical heat flux under these 
conditions . 
In Chapter 3, the steady-state CHF values were tneasured for wide ranges 
of subcoolings and pressures on various shaped test heaters such as horizontal 
cylinders with various diatneters, a vertical ribbon, a vertically oriented 
horizontal ribbon and a lower-side insulated horizontal flat ribbon in water. 
(1) The CHF data on 1.2 tntn diatneter horizontal cylinder in water for 
subcoolings frotn zero to 40 K at all the pressures, and those for the 
subcoolings frotn zero to 80 K at the pressures of atlnospheric and 199 kPa 
are dependent on the pressure. On the contrary, the CHF data for the 
subcooling frotn 60 K to 180 K at pressures frotn around 0.4 MPa to 2 
MPa are ahnost independent of the pressure and gradually increase with an 
increase in subcooling. The CHF data in the former region of lower 
ubc oling ar in good at,rreetnent with the corTesponding values predicted 
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by a presented CHF con·elation based on the hydrodynatnic instability. The 
CHF data in the latter region are well expressed by the etnpirical equation 
given for the range of subcooling and pressure. The con tants of 
con·elations based on the hydrodynatnic instability and the heterogeneous 
spontaneous nucleation (HSN) for low and high subcoolings were 
detennined by the corresponding experitnental data for the test heaters with 
various shapes. 
In Chapter 4, transient CHF values due to exponentially increasing heat 
inputs were obtained in water for various exponential periods and subcoolings 
over the ranges of 2 Ins to 20 s and zero to 80 K at pressures ranging frotn 101.3 
to 2063 kPa in cases with and without pre-pressurization. 
(2) The CHFs for short periods for the cases without and with the prepressure 
of 5Mpa, which increase with a decrease in period frotn the tninitnutn CHF, 
become ahnost in agreetnent with each other. The tnechanistn of the 
transition to fihn boiling regitne was considered to be a consequence of the 
HSN in originally flooded cavities on the cylinder surface not only for the 
pre-pressurized case but also for the non-pre-pressurized case. Typical trend 
of CHF with respect to the period for the high subcoolings at pressures 
higher than 400 kPa is independent of the pressure and altnost satne each 
other for both cases. The CHF values for short periods that are 
significantly lower than the steady-state values were confinned even for 
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non-pre-pressurized case. 
In Chapter 5, the transient CHFs caused by exponentially increasing heat 
inputs on the horizontal cylinders with tnitTor surface and rough surface were 
tneasured in water for the cases without and with the pre-presstue of 5lv1Pa. The 
effect of surface conditions on the transient CHFs was clarified in cotnparison 
with those obtained for the horizontal cylinder with cotntnercial surface under 
the san1e condition. 
(3) The CHFs versus periods were separated into the first, second and third 
groups on CHF for longer, shotier and intennediate periods. The trend of 
CHFs with respect to periods belonging to the first group on the cylinders 
with rough surface (RS) agreed with those obtained for the cylinder with 
cotntnercial surface (CS) at lower and higher subcoolings. On the contrary, 
the trends of CHFs versus the periods belonging to the first group on the 
cylinder with Inirror surface (MS) at saturated pressures higher than around 
400 kPa are different frotn CS and RS because the CHFs are determined by 
the HSN for the cylinder with MS at the pressures. The tnirror surface 
condition gives the significant effect on CHFs under saturated and 
subcooled conditions. More study on the effect of cylinder surface 
conditions on the CHFs is necessary not only for the acade1nic interests but 
also for the sa£ ty a se stnent of nuclear reactor for abnonnal conditions 
uch a po\ver burst in the reactor. 
160 
In Chapter 6, the effects of initial pressure, pressure-reduction rate, initial 
heat transfer regi1nes such as natural convection or nucleate boiling, and 
cylinder diatneter, on the transition Inechanistn to fihn boiling caused by a rapid 
depressurization were tnade clear experitnentally. 
( 4) The transition frotn natural convection or partial nucleate boiling to fihn 
boiling through nucleate boiling is due to the rapidly increasing surface 
superheat caused by the rapid depressurization. The observed CHF is very 
1nuch lower than the steady-state CHF at the corresponding pressures. It 
was found that a heated rod with larger heat capacity will tnake a transition 
to fihn boiling tnore easily upon depressurization. Transient filtn boiling 
heat transfer due to depressurization, after the tniniinutn heat flux, agrees 
well with the steady-state fihn boiling curve by the correlation of Sakurai et 
al. (1990). A mechanistn based on heterogeneous spontaneous nucleation 
(HSN) frotn the originally flooded cavities on the solid surface was 
suggested for the transition from steady-state heat transfer at low initial 
heat fluxes to fihn boiling after rapid depressurization. 
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